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tissues.	 Germ	 cells	 undergo	 a	 considerable	 number	 of	 metabolic	 and	
morphological	 changes	during	 their	 differentiation:	 they	 initially	 proliferate	by	
mitosis	to	increase	in	number;	at	some	point	they	scramble	their	genetic	material	
by	meiosis,	 to	create	new	genetic	combinations	 that	are	 the	basis	 for	evolution	





proteins	 localized	 in	 specific	 subcellular	 compartments,	 along	 with	 regulatory	
small	RNAs,	have	an	essential	role	in	the	proper	execution	of	the	different	steps	of	
spermatogenesis.	 These	 ribonucleoprotein	 granules	 interact	 with	 cytoplasmic	
vesicles	and	organelles	to	accomplish	their	role	during	sperm	development.	
In	 this	 study,	we	 characterized	 the	most	 prominent	 ribonucleoprotein	 granule	
found	in	germ	cells,	the	Chromatoid	body	(CB).	For	the	first	time	we	investigated	
the	 interaction	 of	 the	 CB	with	 the	 cytoplasmic	 vesicles	 that	 surround	 it.	 These	
studies	directed	us	to	the	description	of	Retromer	proteins	in	germ	cells	and	their	
involvement	with	the	CB	and	the	acrosome	formation.	Moreover,	we	discovered	
the	 interplay	 between	 the	 CB	 and	 the	 lysosome	 system	 in	 haploid	 round	
spermatids,	and	identified	FYCO1,	a	new	protein	central	to	this	interaction.		









Kromatoidikappaleen	 ja	 solun	 vesikkeliliikenteen	 välinen	 toiminnallinen	
vuorovaikutus	miesten	sukusoluissa		
Turun	yliopisto,	Lääketieteellinen	tiedekunta,	Biolääketieteen	laitos,	Fysiologian	




sisällään	 suuren	 määrän	 vain	 sukusoluille	 ominaisia	 mekanismeja	 sekä	
metabolisia	 ja	 morfologisia	 muutoksia.	 Ensin	 solut	 jakautuvat	 mitoottisesti	
kasvattaakseen	määräänsä.	Meioosissa	ne	sekoittavat	geneettisen	materiaalinsa	
luoden	 uusia	 yhdistelmiä,	 jotka	 luonnonvalinnan	 kautta	 mahdollistavat	
evoluution.	 Lopulta	 ne	 käyvät	 läpi	 morfologisen	 muodonmuutoksen,	 jonka	
seurauksena	syntyy	siittiölle	tyypillinen	rakenne.	
Sukusolut	 ilmentävät	 genomiaan	 aktiivisesti	 ja	 niiden	 RNA	 transkriptomi	 on	
poikkeuksellisen	 monimuotoinen	 verrattuna	 erilaistuneisiin	 somaattisiin	
soluihin.	 Näin	 ollen	 RNA‐säätely	 on	 erittäin	 tärkeässä	 asemassa	 siittiön	
muodostuksen	aikana,	ja	säätelyyn	osallistuu	laaja	kirjo	mekanismeja.	Tärkeässä	
osassa	 ovat	 niin	 sanotut	 RNA‐kappaleet	 (RNA	 granules,	 tai	 ribonucleoprotein	
granules),	 jotka	 keräävät	 RNA:ta	 sitovien	 proteiinien	 avulla	 säädeltävät	 RNA‐
molekyylit	 samaan	 rakenteeseen	 ja	 mahdollistavat	 tehokkaan	 säätelyn.	 	 RNA‐
kappaleiden	tiedetään	myös	vuorovaikuttavan	soluliman	vesikkelien	kanssa,	mikä	
tarjoaa	aivan	uuden	tason	RNA‐säätelylle.		
Tämän	 väitöskirjan	 kolmessa	 osatyössä	 olemme	 selvittäneet	 sukusolujen	
merkittävimmän	RNA‐kappaleen,	 kromatoidikappaleen	 (Chromatoid	 body,	 CB),	
toimintaa.	 Erityisesti	 keskityimme	 tutkimaan	 tätä	 rakennetta	 ympäröivien	




proteiinilla	 osoitettiin	olevan	 tärkeä	 rooli	 CB:n	 ja	 vesikkeliliikenteen	 sekä	CB:n	
rakenteen	ylläpidon	säätelyssä.	Tulostemme	perusteella	solun	vesikkeliliikenne	
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material	 from	 one	 generation	 to	 the	 next,	 and	 therefore	 on	 the	 production	 of	
functional	gametes.	In	recent	years,	several	reports	have	cautioned	on	the	decline	
in	the	sperm	quality	of	the	human	species.	On	consideration	on	the	importance	of	








line	 stem	 cells.	 Unfortunately,	 other	 research	 groups	 have	 not	 yet	 reproduced	
those	 results	 and	 much	 important	 molecular	 characterization	 has	 yet	 to	 be	
completed.	Even	though	these	techniques	are	far	from	standardised	procedures	in	
research	 laboratories	 with,	 therefore,	 their	 application	 still	 unforeseeable	 in	
humans,	they	raise	many	questions,	both	scientific	but	also	ethical.	One	important	
question	related	to	the	quality	of	such	sperm	produced	in	artificial	conditions.	As	
such,	 the	 precise	 molecular	 mechanisms	 involved	 in	 the	 production	 of	 fertile	
sperm	needs	 to	 be	 first	 understood,	 before	 any	 evaluation	 can	 be	made	 of	 the	
quality	of	sperm	produced	in	the	laboratory.	
Compartmentalization	 and	 segregation	 of	 specific	 processes	 in	 discrete	 areas	









presence	 in	 the	 cytoplasm	of	 haploid	 round	 spermatids,	 and	 its	 central	 role	 in	
spermiogenesis.	 Several	 components	 of	 the	 CB	 are	 essential	 for	 the	 correct	
production	 of	 sperm	 and	 its	 composition	 indicates	 that	 it	 is	 involved	 in	many	
different	gene	regulatory	processes.	After	more	than	100	years	of	studies	on	the	
CB,	 this	 study	 demonstrates	 the	 development	 of	 a	 robust	 protocol	 for	 the	
reproducible	isolation	of	intact	CBs.		
Some	processes	require	a	specific	environment	 that	cannot	be	compatible	with	
other	processes.	 Inside	 the	cell,	 such	an	environmental	 isolation	 is	achieved	by	
seclusion	processes	 in	 compartments,	 surrounded	by	a	membrane,	 such	as	 the	
endoplasmic	 reticulum,	 the	 Golgi	 complex	 and	 lysosomes.	 The	 role	 of	 these	
compartments	–	also	termed	intracellular	organelles	–	has	been	widely	studied	at	
both	 the	 cellular	 and	 molecular	 level,	 and	 at	 present,	 even	 though	 much	
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and	 cellular	 remodelling	 is	 required.	 Despite	 that	 already	 much	 is	 known	 on	
autophagy	in	somatic	cells,	studies	in	the	germ	line	have	been	remarkably	limited.	
In	consideration	of	the	importance	of	the	lysosome	pathway	for	the	homeostasis	
of	 the	 cell,	 and	 in	 the	 development	 of	 an	 organism,	 it	 is	 reasonable	 to	 predict	
similar,	if	not	even	more	important,	roles	in	the	production	of	fertile	sperm,	too.	
Recent	 studies	 have	 linked	 the	 lysosome	 and	 secretory	 pathways	 with	 the	
regulatory	action	of	small	RNAs	and	the	degradation	of	ribonucleoprotein	(RNP)	



















Spermatogenesis	 stands	 out	 as	 an	 unusual	 process	 when	 compared	 to	 the	
differentiation	of	other	tissues	in	the	body.	Following	a	massive	proliferation	by	
mitosis,	 germ	 cells	 scramble	 up	 their	 genome	 during	 meiosis;	 each	 cell	 so	
produced	has	a	distinct	combination	of	genes.	This	genetic	variability	provides	the	
material	 upon	 which	 evolution,	 through	 natural	 selection,	 can	 occur.	 The	
morphology	of	 the	differentiated	cell,	 the	spermatozoon,	 is	completely	different	
from	the	standard	concept	of	a	cell.	In	several	groups	of	animals,	the	spermatozoon	
is	the	only	cell	whose	action	occurs	externally	to	the	body	that	produced	it:	it	is	to	
be	delivered	 inside	the	 female	genital	 tract,	where	 it	will	pursue	 its	 function	to	
locate	and	fertilize	the	ovum.	
Spermatogenesis	 begins	 early	 in	 the	 embryo	 with	 the	 determination	 of	 the	
primordial	germ	cells	(PGC).	These	are	the	first	cells	whose	destiny	is	determined	
during	 development.	 After	 birth,	 the	 primordial	 germ	 cells	 differentiate	 into	
















so	 termed	 blood‐testis	 barrier1,7.	 Sperm	 formation	 commences	 from	
spermatogonia,	located	in	the	basal	compartment.	The	next	cell	type	toward	the	








Figure	1	Cross	section	of	a	mouse	seminiferous	 tubule.	Spermatogenesis	proceeds	 from	the	basal	 lamina	
(arrows)	towards	the	 lumen	(asterisk).	Testis	was	fixed	with	PFA	and	stained	with	periodic	acid‐Schiff.	S,	
Sertoli	cell;	Sg,	spermatogonia;	Sc,	spermatocyte;	RS,	round	spermatid;	ES,	elongating	spermatid.	













take	 two	 alternative	paths:	 either	 continue	 to	 be	 spermatogonial	 stem	 cells,	 to	
maintain	 the	 pool	 of	 spermatogonia	 in	 the	 testis,	 or	 alternatively	 commit	 to	
differentiate	 into	 mature	 sperm.	 Committed	 cells	 undergo	 a	 series	 of	 mitotic	







to	 bring	 together	 sister	 chromosomes,	 and	 crossing	 over	 occurs	 to	 shuffle	 the	
genetic	 content	 of	 the	 cell.	 Following	 first	 doubling	 its	 genome	 and	 then	
undergoing	 two	meiotic	divisions,	each	spermatocyte	gives	rise	 to	 four	haploid	
cells:	the	round	spermatids.	
Round	 spermatids	 divide	 no	 furtherer.	 Instead,	 they	 undergo	 a	 series	 of	
morphological	and	metabolic	changes	that	will	end	in	the	formation	of	the	mature	
male	gamete:	the	spermatozoon.	This	process	is	referred	to	as	spermiogenesis.	
This	 differentiation	 process,	 which	 leads	 to	 the	 production	 of	 mature	 sperm,	
constantly	continues	within	the	testis.	On	the	observation	of	mouse	seminiferous	
tubules	through	light	microscopy,	a	longitudinal	pattern	can	be	discerned,	derived	




section	 of	 each	 stage	 shows	 a	 distinct	 group	 of	 differentiating	 germ	 cells,	
representative	 of	 that	 stage1.	 This	 property	 thus	 allows	 for	 the	 precise	 and	
detailed	study	of	the	different	germ	cell	types	in	the	testis9–11.	
2.2 RNA	regulation	
The	 journey	 of	 gene	 expression	 from	 gene	 activation	 to	 the	 action	 of	 the	 final	




step	 of	 gene	 regulation.	 The	 chromatin	 can	 be	 present	 in	 two	 different	 states:	












in	 different	ways	 (i.e.	 phosphorylation,	 acetylation,	methylation,	 ubiquitination	
and	 sumoylation);	 all	 these	 different	 modifications	 have	 a	 specific	 purpose,	
triggering	 compaction	 or	 loosening	 of	 chromatin	 and	 binding	 different	 sets	 of	
proteins,	 to	 guide	 gene	 expression	 or	 inactivation.	 All	 these	 different	 histone	
modifications,	each	with	its	own	specific	purpose,	represent	the	so	termed	histone	
code15.	CpG	islands	can	bring	to	the	DNA	proteins	involved	in	repressive	histone	











other	 factors	 involved	 in	 the	 regulation	of	 gene	 transcription,	 bind	 together	 to	






Already	 when	 the	 transcription	 is	 under	 progress,	 specific	 protein	 complexes	
recognize	the	boundaries	between	exons	and	introns.	These	complexes	remove	
the	introns	from	the	RNA	sequence	and	link	the	exons	together	to	form	the	mature	






Other	 modifications	 that	 the	 RNA	 undertakes	 during	 its	 transcription,	 are	 the	
binding	of	a	“cap”	at	the	5’‐end	and	the	adding	of	a	polyA	tail	at	the	3’‐end12.	At	the	
completion	 of	 transcription,	 the	 mRNA	 will	 be	 formed	 by	 the	 5’‐cap,	 the	 5’‐






















In	 eukaryotes,	 specific	 proteins	 bind	 to	 the	 5’‐cap	 to	 form	 the	 ribosome	
recruitment	 complex,	 which	 will	 direct	 the	 ribosome	 onto	 the	 mRNA.	 The	
ribosome	will	 then	 scan	 the	mRNA	 until	 it	 locates	 the	 translation	 start	 codon,	
where	the	ribosome	will	then	start	synthesis	of	a	new	protein.	Other	proteins	bind	
the	polyA	tail	and	connect	it	to	the	cap.	In	this	way,	the	end	of	the	mRNA	is	close	
to	 the	 beginning,	 a	 structure	 that	 is	 presumed	 to	 increase	 the	 translation	
efficiency12.	Different	pathways	can	control	the	ability	of	these	proteins	to	interact	
with	each	other	and	support	protein	synthesis23.	
Regulatory	 proteins,	 which	 bind	 to	 the	 5’‐UTR	 or	 the	 3’‐UTR,	 can	 inhibit	
translation	by	 interference	with	 the	recruitment	of	 the	ribosome	or	 translation	















rather	 surprising24–26.	 At	 the	 time,	 scientists	 were	 not	 able	 to	 account	 for	 a	
purpose	 for	 the	 reminder,	 and	 thus	 referred	 to	 it	 as	 “junk‐DNA”.	Although,	 the	
Human	Genome	Project	boosted	the	development	of	new	techniques	for	the	study	
of	 the	 genome	 itself	 and	 of	 other	 cellular	 properties.	 As	 a	 consequence	 of	 this	
enormous	effort	to	understand	our	biology,	new	technologies	for	DNA	and	RNA	
sequencing	arose,	and	allowed	for	a	new	comprehension	of	gene	regulation.	While	
the	Human	Genome	 Project	 originally	 spanned	 approximately	 15	 years,	 cost	 3	


















lncRNas	 are	 mostly	 transcribed	 by	 RNA	 pol	 II	 with	 similar	 characteristics	 to	
mRNA,	 such	 as	 5’‐cap	 and	 polyA.	 These	 represent	 the	 largest	 family	 of	 non‐
protein‐coding	transcripts	 in	mammals	(70‐90%	of	 the	genome)32.	However,	 in	
only	 a	 few	 cases	 are	 the	 functions	 of	 lncRNAs	understood:	 in	most	 cases,	 they	
remain	 unknown.	 In	 general,	 it	 is	 assumed	 that	 lncRNAs	 harbour	 sequences	
recognized	 by	 specific	 proteins	 and	 function	 as	 a	 scaffold	 for	 multiprotein	
complexes33–35.	 Moreover,	 they	 can	 mediate	 the	 interaction	 between	 lncRNA‐











Small	 non‐coding	 RNAs	 act	 as	 negative	 regulators	 of	 gene	 transcription	 and	
translation,	 by	 driving	 their	 target	 RNA	 to	 degradation	 or	 translational	
repression38,39.	The	best‐characterized	sncRNAs	are	microRNAs	(miRNAs),	small	
interfering	RNAs	(siRNAs)	and	PIWI‐interacting	RNAs	(piRNAs),	which	recognize	






and	 form	 the	RNA‐induced	 silencing	 complex	 (RISC)	 to	 control	 the	 stability	 or	 translation	 of	 their	 target	
protein‐coding	mRNAs.	 Based	 on	 the	 sequence	 characteristics	 of	MILI‐	 and	MIWI2‐bound	 pre‐pachytene	
piRNAs	 in	 fetal	 prospermatogonia,	 their	 production	 is	 explained	 by	 the	 so‐called	 ping–pong	mechanism	
where	 piRNAs	 from	 the	 opposite	 strands	 promote	 each	 other's	 synthesis	 in	 a	 feed‐forward	 way.	 Pre‐









miRNAs	 are	 22	 nucleotide‐long	 RNAs	 that	 are	 involved	 in	 the	 repression	 of	
specific	mRNAs41–44.	Their	biogenesis	commences	with	the	transcription	of	a	70	










protein	 loaded	 with	 the	 guiding	 miRNA	 to	 form	 the	 RNA‐induced	 silencing	
complex	 (RISC).	 RISC	 can	 recognize	 those	mRNAs	 that	 have	 a	 complementary	
sequence	to	the	guiding	miRNA	in	their	3’‐UTR52–56	(Figure	3).	Most	miRNAs	do	
not	show	full	complementarity	with	the	3’‐UTR	sequence	they	bind	in	the	target	
mRNA57.	Dependent	on	 the	 level	of	 complementarity,	 the	miRNA‐RISC	complex	
can	simply	repress	transcription	of	the	mRNA	(partial	complementarity),	or	cause	








pathways,	 including	 spermatogenesis.	DICER	 is	 essential	 for	 embryogenesis;	 in	
fact,	DICER	deletion	in	the	mouse	impairs	development	of	the	embryo	to	the	extent	
it	becomes	embryonically	lethal60.	Different	mouse	knockout	models	for	DICER	in	





by	 the	 RISC	 complex,	 exactly	 as	 occurs	 with	 miRNAs,	 and	 it	 drives	 the	 RISC	
complex	 to	 the	 target	 RNA67,68.	 siRNAs,	 contrary	 to	 miRNAs,	 show	 perfect	
complementarity	with	the	target	RNA	and	cause	its	degradation.	Indeed,	miRNAs	





in	RNAi	 is	 connected	with	 cellular	 defence	 against	 exogenous	RNAs,	 especially	
those	that	represent	the	genome	of	retroviruses73–76.	Subsequently,	it	was	found	






piRNAs	 represent	 a	 quite	 different	 group	 of	 sncRNAs	 when	 compared	 with	
miRNAs	and	siRNAs.	While	more	than	one	thousand	miRNAs	have	been	detected	
and	 their	 sequence	 is	 well	 conserved	 between	 species,	 tens	 of	 thousands	 of	
different	 piRNAs	 have	 been	 reported	 that	 do	 not	 show	 any	 evolutionary	
conservation.	 These	 are	 expressed	 specifically	 in	 germ	 cells	 and	 bind	 to	 PIWI	
proteins,	 a	 subgroup	 of	 the	 Argonaute	 protein	 family84–90.	 piRNAs	 are	 26‐30	
nucleotide‐long,	dependent	on	which	PIWI	protein	they	are	bound	to91–93.	Their	
mapping	 to	 the	 genome	 showed	 that	 they	 derive	 from	 clusters	 dispersed	 in	
different	 chromosomes94.	 The	 production	 pathway	 of	 piRNAs	 is	 yet	 not	 fully	
understood,	but	it	is	known	that	it	does	not	require	DICER93,95,96.	The	biogenesis	




ping‐pong	 amplification,	 uses	 the	 primary	 piRNAs	 to	 process	 complementary	
RNAs	(a	complementary	 target	RNA	or	an	antisense	 transcript	 from	the	piRNA	















established.	 At	 this	 stage,	 paternal	 imprinting	 is	 established113,114.	 During	 this	
process,	 transposon	 activity	 is	 notably	 increased,	 with	 the	 risk	 of	 genomic	
instability.		
In	 D.	 melanogaster,	 piRNAs	 have	 been	 shown	 to	 repress	 the	 expression	 of	




genome	 stability	 and	 germ	 cell	 development.	 However,	 piRNA	 repression	




In	 the	mouse	 there	 are	 three	different	Piwi	proteins,	viz:	MIWI	 (PIWIL1),	MILI	
(PIWIL2)	 and	 MIWI2	 (PIWIL4),	 all	 essential	 for	 male	 fertility115–117,	 and	 are	
expressed	 at	 different	 stages	 of	male	 germ	 cell	 development.	MILI	 and	MIWI2	
mutants	 show	 impairment	 of	 spermatogenesis	 during	 spermatocyte	 meiosis,	
while	MIWI	mutants	are	affected	at	the	round	spermatid	stage115–117.	Each	binds	a	
specific	subset	of	piRNAs86,87,118.	piRNAs	 in	mice	can	be	divided	 into	two	major	
groups,	 dependent	 on	 the	 time	 of	 their	 expression.	 Pre‐pachytene	 piRNAs	 are	
expressed	 in	 the	 embryo	 and	 newborn	 mice;	 they	 are	 enriched	 in	 repeated	






elements	 during	 primordial	 germ	 cell	 differentiation.	 They	 silence	 transposon	
activity	by	directly	targeting	transposon	RNA	and	causing	its	degradation	and	also	
by	directly	suppressing	its	transcription106,115,120–124.	
Recent	studies	suggest	 that	MIWI‐bound	pachytene	piRNAs	are	 involved	 in	 the	
bulk	 degradation	 of	 mRNAs	 in	 meiotic	 and	 post‐meiotic	 stages	 of	 sperm	
development125–128.	
Notably,	 piRNAs	 can	 mediate	 gene	 silencing	 by	 causing	 repressive	 histone	
modifications	and	DNA‐methylation.	These	epigenetic	marks	can	be	passed	on	to	
the	 next	 generation:	 piRNAs	 are	 therefore	 able	 to	 cause	 transgenerational	
epigenetic	gene	regulation129–132.	
2.3 Ribonucleoprotein	granules	
Following	 the	dogma	of	molecular	biology,	 the	messenger	RNA	has	 the	 task	 to	
bring	the	genetic	information	coding	for	proteins	from	the	DNA	in	the	nucleus	to	
the	 site	 of	 protein	 production	 in	 the	 cytoplasm.	 The	 mRNA	 itself	 cannot	





granules.	 Dependent	 on	 the	 cell	 type,	 intracellular	 localization,	 function	 and	
molecular	composition,	these	granules	are	referred	to	with	specific	names,	viz:	P‐
bodies133–138,	GW‐bodies139–142,	stress	granules133,134,138,143	and	germ	granules144.	
The	 different	 RNP	 granules	 have	 several	 features	 in	 common:	 all	 have	mRNAs	
repressed	 from	 translation,	but	 those	mRNAs	are	 capable	of	being	 re‐activated	
upon	 specific	 conditions145–148;	 further,	 they	 share	 a	 number	 of	 protein	




Proteins	 involved	 in	 the	assembly	of	 the	granules	often	present	self‐interacting	
domains,	 such	 as	 prion‐like	 domains,	 which	 favour	 their	 clustering	 together;	
examples	 are	 TIA‐1151,153,	 TDP‐43154	 and	 FUS155	 in	 stress	 granules.	 Another	
important	 strategy	 to	 control	 RNP	 granule	 assembly	 is	 by	 post‐translational	
modification	 (PTM)	 of	 proteins,	 such	 as	methylation156–160,	 phosphorylation161,	




different	 components	 to	 aid	 in	 their	 subcellular	 localization.	 The	 blocking	 of	
microtubule	 polymerization	 has	 been	 shown	 to	 interfere	with	 the	 assembly	 of	
stress	granules;	alternatively	P‐bodies	have	also	been	shown	to	increase	in	size163.	
Alteration	of	microtubule‐dependent	protein	transport	appears	to	have	granule‐
specific	 effects,	 to	 aid	 unite	 their	 components	 in	 some	 cases,	 or	 rather	 their	
dissociation	in	others163.	
The	recent	field	of	lncRNAs	has	also	opened	new	ways	for	the	assembly	of	RNP	











events	 causes	 the	 shortening	 of	 the	 polyA	 tail,	 triggered	 by	 CPEB166	 and	 the	
elimination	of	the	5’‐cap	by	DCP1A161,167,	which	is	also	considered	a	marker	of	P‐
bodies.	Despite	reports	that	some	mRNAs	can	enter	and	successively	exit	 these	




establish	 cell	 homeostasis	 are	 translated.	 Once	 the	 stress	 has	 passed,	 stress	
granules	 are	 disassembled	 and	 the	 repressed	mRNA	 contained	 in	 them	 can	 be	
translated	again169.	
Another	 mechanism	 involved	 in	 the	 clearance	 of	 RNP	 granules	 is	 autophagy.	
Mutants	 which	 affect	 the	 autophagy	 pathway,	 both	 in	 yeast	 and	 mammals,	
accumulate	P‐bodies	and	stress	granules170–172.	
The	membrane	surface	of	cytoplasmic	organelles	can	function	as	a	dock	for	the	





granule	 termed	 intermitochondrial	 cement	 (IMC)	 in	 mouse	 spermatocytes.	
Specifically,	phosphatidic	acid	(PA)	present	on	the	surface	of	mitochondria,	seeds	











the	 roundworm,	 to	 mammals.	 Initially	 germ	 granules	 were	 referred	 to																																			
with	 the	 general	 term	 nuage	 (from	 the	 French	 “cloud”,	 prompted	 from	 their	
appearance	 under	 the	 microscope)185.	 Subsequently	 they	 were	 given	 different	
names	depending	on	their	morphology,	cellular	localization	and	the	animal	itself,	
viz:	 polar	 granules	 in	 Drosophila	 melanogaster,	 P‐granules	 in	 Caenorhabditis	
elegans,	 intermitochondrial	 cement	 in	 Xenopus	 laevis	 and	 mouse,	 Chromatoid	
body	in	mouse	and	rat	(reviewed	in144,186,187).	
In	lower	organisms,	like	the	fly,	the	worm	and	the	frog,	germ	granules	appear	early	









they	 share	 some	 common	 components	 highly	 conserved	 during	 evolution.	 All	





models	 have	 shown	 the	 importance	 of	 RNA	 helicases	 for	 the	 determination	 of	
germ	cells	and	fertility190,199–201.	
Tudor	domain‐containing	proteins	(TDRDs)	are	common	among	germ	granules.	
















genome	 becomes	 compromised88,90,93,103,115,208,209.	 This	 property	 of	 piRNAs	 as	
protectors	 of	 the	 genome	 has	 been	 conserved	 throughout	 evolution	 (see	
2.2.3.2.3).	
Germ	 granules	 have	 been	 conjectured	 to	 contain	 a	 variety	 of	 mRNAs	 which	
undergo	 translational	 repression.	 During	 spermatogenesis,	 many	 mRNAs	 are	
expressed	in	early	stages	(differentiating	spermatogonia	and	spermatocytes)	and	
stored	 for	 later	 translation.	 This	mechanism	 is	 necessary	 since	 in	 later	 stages,	
when	 compaction	 of	 the	 chromatin	 commences	 in	 elongating	 spermatids,	
transcription	becomes	no	 longer	possible.	The	evidence	 for	 this	 transcriptional	
regulation	 comes	 from	studies	of	 transcriptome	profiling	of	different	 germ	cell	
types:	mRNAs	coding	for	proteins	expressed	in	late	stages	(round	and	elongating	
spermatids)	 were	 identified	 already	 in	 early	 germ	 cell	 types	 (differentiating	
spermatogonia	 and	 spermatocytes)210–213.	 Since	 the	 germ	 granules	 are	 rich	 in	
PIWI	 proteins	 it	 is	 not	 surprising	 that	 piRNAs	 are	 concentrated	 in	 them165;	
miRNAs	and	lncRNAs	have	also	been	found	in	them	(reviewed	by	Gao	&	Arkov187).	
2.3.2 The	Chromatoid	body	(CB)	





awareness	 of,	 the	 comprehension	 of	 its	 composition	 and	 function	 proceeded	
remarkably	slowly	until	only	recent	times165.		
A	 prominent	 germ	 granule	 called	 intermitochondrial	 cement	 appears	 during	
spermatogenesis	 in	 mammals	 in	 the	 cytoplasm	 of	 spermatocytes.	 By	 electron	
microscopy,	IMC	appears	as	a	cloud	of	dark	material	that	surrounds	mitochondrial	
clusters.	 In	 late	 spermatocytes	 and	during	meiosis,	 small	dense	germ	granules,	















is	 visible	 as	 a	 cytoplasmic	 dark	 granule	 close	 to	 the	 nuclear	 envelope	 (arrows).	 (B)	 Electron	microscopy	
visualisation	of	the	CB	in	the	cytoplasm	of	round	spermatid.	Lobular	structure	and	irregular	network	of	the	






The	 CB	 is	 a	 dynamic	 granule	 located	 close	 to	 the	 nuclear	 envelope	 in	 round	
spermatids;	when	the	spermatids	commence	elongation,	 the	CB	reduces	 in	size	
and	moves	to	the	back	of	the	cell,	towards	the	base	of	the	flagellum,	and	dissociates	








and	 concentrate	 in	 the	 CB	 at	 the	 commencement	 of	 spermatid	 elongation.	
Subsequently	 they	 are	 located	 in	 the	 ring	 structure	 and	 function	 in	 the	
mitochondria	sheath	formation215.	Simultaneous	depletion	of	TSSK1	and	TSSK2	




RNA	 of	which	 some	was	mRNA182,216,217.	 Until	 recently,	 the	majority	 of	 the	 CB	
components	 had	 been	 discovered	 only	 incidentally:	 researches	 investigating	 a	
specific	 protein	 in	 the	 testis	 noted	 its	 accumulation	 into	 one	 large	 granule	 in	
haploid	 round	 spermatids,	 and	 confirmed	 was	 the	 CB	 with	 report	 of	
such183,191,216,218.	 Several	 of	 these	 proteins	 are	 involved	 in	 post‐transcriptional	
RNA	regulation116,183,219.	The	main	limitation	on	the	study	of	CB	composition	was	





as	 MVH/DDX4,	 GRTH/DDX25	 and	 HuR,	 and	 in	 post‐transcriptional	 regulation,	
such	as	MIWI165.	piRNAs	are	also	particularly	concentrated	in	the	CB165.	
Altogether,	the	timing	of	the	CB	appearance	with	its	composition	correlate	well	













at	 a	 specific	 stage.	 For	 instance,	 depletion	 of	 MVH/DDX4,	 which	 is	 already	
expressed	 in	 the	primordial	germ	cells	 in	 the	embryo,	resulted	 in	 the	 failure	of	
male	germ	cell	differentiation	before	the	pachytene	stage	of	meiosis201.	In	those	





To	consider	 the	 importance	of	 the	endomembrane	system	 in	 the	present	study	
(especially	 in	 II	 and	 III),	 such	 intricate	 network	 present	 in	 all	 eukaryotic	 cells,	
should	be	briefly	introduced:	the	endomembrane	system	is	defined	as	“a	collection	
of	 membranous	 structures	 involved	 in	 transport	 within	 the	 cell”	
(www.uniprot.org).	 Its	 main	 components	 consist	 of:	 nuclear	 envelope,	
endoplasmic	 reticulum,	 Golgi	 apparatus,	 cytoplasmic	 vesicles	 and	 plasma	
membrane	 (Figure	5).	Mitochondria	 and	 plastids	 are	 not	 included,	 because	 of	
their	different	evolutionary	origin.	Several	reviews	are	available	in	the	literature	
which	 describe	 different	 aspects	 of	 the	 endomembrane	 system221–224;	 for	 this	
study	 consideration,	 it	 is	 limited	 to	 a	 basic	 description	 of	 the	 different	
components.	
On	commencement	of	eukaryotic	development,	the	cytoplasm	became	divided	by	
different	 membranes	 to	 form	 intra‐cytoplasmic	 compartments,	 which	 were	
physically	 isolated	 from	 each	 other.	 This	 compartmentalization	 of	 major	
biochemical	 processes	 allowed	 more	 accurate	 control	 and	 sophistication.	 One	
major	 example	 is	 the	 isolation	 of	 the	 genomic	 material,	 the	 DNA,	 from	 the	
cytoplasm	by	the	nuclear	envelope.		The	nucleus	allowed	the	separation	of	gene	
transcription	 from	 protein	 synthesis	 and	 energy	 metabolism,	 to	 increase	
specialization	and	protection	of	the	genome	from	harmful	agents.		
The	 different	 compartments	 that	 form	 the	 endomembrane	 system	 are	 mainly	
involved	 in	 the	 synthesis,	 targeting,	 regulation	 and	 degradation	 of	 surface	
proteins,	 along	 with	 the	 uptake	 and	 digestion	 of	 material	 from	 the	 cellular	









processed	 in	 the	 Golgi,	 different	 proteins	 are	 sorted	 into	 separate	 pathways	
dependent	 on	 their	 final	 destination.	 Proteins	 directed	 to	 the	 cell	 surface	 are	
packed	 inside	 exocytic	 vesicles,	which	will	 fuse	with	 the	plasma	membrane,	 to	
release	 their	 contents	 into	 the	extracellular	 space.	 Integral	membrane	proteins	
present	in	the	vesicle	membrane	will	become	surface	proteins	(Figure	5).	Other	
proteins,	 such	 as	 hydrolases,	 are	 instead	 sorted	 into	 vesicles	 directed	 to	
endosomes	 or	 MVBs,	 which	 shall	 eventually	 fuse	 with	 lysosomes.	 Retrograde	








The	 intake	of	extracellular	material	occurs	by	 invagination	or	protrusion	of	 the	
plasma	 membrane	 around	 it.	 This	 membrane	 reorganization	 is	 mediated	 by	
different	 classes	 of	 proteins,	 the	 main	 ones	 being	 clathrin	 and	 caveolin.	 The	
endocytosed	 cargo	 is	 delivered	 to	 early	 endosomes	 and,	 following	maturation	
through	late	endosomes	and	MVBs,	is	finally	degraded	by	fusion	with	lysosomes	
(Figure	5).	










Different	 proteins	 are	 required	 inside	 the	 cell	 in	 specialized	 organelles.	 The	
compartmentalization	 of	 different	 activities	 increases	 their	 efficiency	 and	
minimises	interference	from	other,	unrelated,	processes.	Proteins	must	therefore	




transported	 to	 the	 Golgi	 apparatus,	 where	 they	 acquire	 post‐translation	
modifications,	 such	as	glycosylation.	A	specific	glycosylation:	 the	attachment	of	














The	 Retromer	 is	 formed	 by	 two	 smaller	 complexes,	 viz:	 the	 cargo‐recognition	





surface	 of	 retrograde	 transport	 vesicles228,229.	 SNX1	 and	 SNX2	 show	 a	 63%	
identity	 at	 the	 amino	 acid	 level;	 they	 also	 possess	 an	 unstructured	N‐terminal	












KDa)	and	VPS29	 (20	KDa).	The	C‐terminal	 lobe	of	VPS26	 interacts	with	 the	N‐
terminal	part	of	VPS35226.	On	the	opposite	side,	the	C‐terminus	of	VPS35	interacts	















Notably,	 in	 mammals	 there	 are	 two	 paralogues	 of	 VPS26,	 viz:	 VPS26A	 and	
VPS26B237.		These	show	a	69%	identity	and	an	82%	similarity	with	one	another.	
VPS26B	was	reported	as	a	Retromer	component	because	of	 its	 interaction	with	
VPS35,	 even	 though	 it	 is	 primarily	 localized	 near	 the	 plasma	membrane237,238.	
These	 two	 paralogues	 are	 expected	 to	 differ	 in	 the	 specificity	 for	 the	 cargo	
recognition237,238.	It	has	also	been	conjectured	that	the	Retromer	may	be	involved	











effect	 on	 the	 Retromer	 localization	 on	 endosomes227,	 which	 prove	 that	 the	
membrane‐targeting	 subcomplex	 can	 function	 either	 as	 a	 homo‐dimer	 or,	
alternatively,	 as	 a	 heterodimer.	 Conversely,	 the	 silencing	 of	 SNX1	 and	 SNX2	
simultaneously,	impaired	the	assembly	and	recruitment	of	the	cargo‐recognition	
complex227.	Silencing	of	one	of	the	cargo‐recognition	subunits	did	not	affect	the	
recruitment	 of	 the	 membrane‐recognition	 subcomplex	 to	 endosomes227.	 The	


















integral	 membrane	 receptor	 WLS250	 and	 has	 also	 been	 shown	 to	 bind	 a	




subunits	 of	 the	 Retromer255.	 The	 clustering	 of	 the	 Retromer	 subunits	 aids	 the	
concentration	 of	 the	 cargo	 proteins	 into	 a	 localized	 membrane	 domain.	 The	
SNX1/2	subcomplex	 is	 then	conjectured	 to	be	 the	major	player	 involved	 in	 the	
curvature	 of	 the	 membrane233	 and	 the	 formation	 of	 the	 tubular	 bud	 that,	 by	
excision	from	the	endosome,	will	then	form	the	elongated	vesicle	coated	by	the	
Retromer	 complex226.	 The	 actin	 cytoskeleton,	 along	 with	 the	 mediation	 of	 the	
WASH	 complex,	 provides	 the	 scaffold	 and	 the	 motor	 force	 required	 for	 the	







by	 the	 Retromer235,241,251,261–264.	 These	 studies	 have	 shown	 that	 the	 two	





themselves	 been	 associated	 with	 other	 cellular	 activities,	 such	 as	 the	
internalization	 of	 membrane	 receptors	 and	 their	 recycling	 to	 the	 plasma	
membrane267,268.	 Thus,	 these	 studies	 conclude	 that	 the	 Retromer	 is	 indeed	
involved	in	a	diverse	group	of	cellular	activities.	
2.5.4 	The	Retromer	and	associated	diseases	
In	 recent	 years,	 proteins	 that	 form	 the	 Retromer	 have	 been	 associated	 with	
different	neurodegenerative	diseases.	
The	 Retromer	 is	 involved	 in	 the	 correct	 localization	 and	 recycling	 of	








Autophagy	 is	 the	 cellular	 process	 that	 delivers	 cytoplasmic	 material	 to	 the	
lysosome	 for	 degradation.	 The	 main	 role	 of	 autophagy	 is	 the	 degradation	 of	
cytoplasmic	molecules	and	organelles	for	the	recycling	of	their	components	by	the	
cell.	
The	 molecular	 machinery	 involved	 in	 this	 degradation	 process	 began	 to	 be	
discovered	through	genetic	studies	in	yeast278–281.	The	core	proteins	involved	in	
autophagy	are	conserved	between	yeast	and	mammals282.	However,	the	precise	





Conversely,	 autophagy	 is	 rapidly	 induced	by	 different	 stimuli,	 such	 as	 nutrient	
starvation	or	aggregation	of	misfolded	proteins	inside	the	cell.	It	is	evident	that	
the	 cell	 has	 sensory	 mechanisms	 to	 react	 to	 each	 specific	 situation.	 When	
activated,	these	mechanisms	induce	autophagocytosis.	Different	conditions,	such	
as	the	level	of	nutrients,	growth	factors	and/or	stress,	can	influence	the	activity	of	
the	 mammalian	 target	 of	 Rapamycin	 (mTOR),	 a	 negative	 regulator	 of	
autophagocytosis287,288.	In	the	presence	of	nutrients	and	growth	factors,	mTOR	is	
active	and	inhibits	the	initiation	of	autophagy289.	Autophagy	serves	as	a	dynamic	








and	 yeast	 cells.	 At	 present	 autophagy	 is	 divided	 into	 3	 major	 classes,	 viz:	




Figure	8	 Different	Types	 of	Autophagy.	Macroautophagy:	 a	 portion	of	 cytoplasm,	 including	 organelles,	 is	
enclosed	 by	 an	 isolation	 membrane	 (also	 called	 phagophore)	 to	 form	 an	 autophagosome.	 The	 outer	




translocated	 into	 the	 lysosomal	 lumen	 after	 binding	 with	 lysosomal	 Lamp‐2A.	 After	 all	 three	 types	 of	
autophagy,	 the	 resultant	 degradation	 products	 can	 be	 used	 for	 different	 purposes,	 such	 as	 new	 protein	































It	 is	 probable	 that	 the	 role	 of	 macroautophagy,	 along	 with	 the	 metabolites	 it	
provides,	can	vary	between	tissues.	
To	date,	many	authors	have	extensively	reviewed	the	molecular	mechanism	that	
ATG	 core	 proteins,	 which	 are	 involved	 in	 the	 autophagosome	 formation,	
perform282,303–305.	 In	brief,	 in	nutrient	 rich	conditions,	 the	mammalian	 target	of	
Rapamycin	 complex	 1	 (mTORC1)	 suppresses	 the	 activity	 of	 the	 ULK1	 (Atg1	
homologue)	complex.	Under	conditions	which	cause	autophagocytosis,	mTORC1	
is	inactivated	and	ULK1	complex	translocates	to	the	ER	where	it	interacts	with	the	
phosphatidylinositol	 3(PI3)‐kinase	 complex,	 activated	 by	 it.	 Beclin	 1,	 another	
regulator	 of	 autophagocytosis,	 is	 normally	 bound	with	 Bcl‐2	 on	 the	 ER.	When	
autophagocytosis	 is	 induced,	 Beclin1	 dissociates	 from	 Bcl‐2	 and	 joins	 the	 PI3‐
kinase	 complex	 to	 contribute	 to	 its	 activation.	 Concurrently,	 Atg12‐Atg15‐
Atg16L1	 complex	 directs	 the	 conversion	 of	 LC3	 (Atg8	 homologue)	 to	 the	
membrane	 bound	 form	 LC3‐PE.	 LC3‐PE	 is	 itself	 involved	 in	 recognition	 of	
macroautophagy	targets.	
Initially	considered	as	a	bulky	degradation	pathway	with	little	or	no	specificity,	it	
has	 been	 recently	 shown	 that	 dedicated	 factors	 account	 for	 the	 selective	
degradation	 of	 cellular	 components	 by	 macroautophagy.	 For	 example,	 the	
receptor	 p62/SQSTM1	 presents	 a	 self‐oligomerization	 PB1	 domain,	 an	 LC3‐
interacting	 (LIR)	 motif	 and	 an	 ubiquitin‐associated	 (UBA)	 binding	 domain.	
p62/SQSTM1	 (and	 its	 orthologue	 in	 C.	 elegans306)	 can	 recognise	 ubiquitinated	
proteins	marked	 for	 degradation,	 to	 cluster	 them	 together	 in	 a	 granule	 called	





aggregates	 (also	 called	 inclusion	 bodies)	 inside	 the	 cell	 cytoplasm.	 These	
aggregates	 are	 positive	 for	 p62/SQSTM1	 and	 ubiquitin309.	 Of	 interest,	 these	








inward	 invaginations	 of	 the	 lysosomal	membrane.	 At	 the	 commencement	 of	 a	
microautophagic	event,	the	lysosome	membrane	invaginates	and	elongates	into	a	
characteristic	tubular	shape	called	an	“autophagic	tube”315.	The	membrane	bends	
at	 the	 neck	 of	 the	 tube	 and	 forms	 a	 constriction,	which	 enables	 distinguishing	
between	autophagic	tubes	and	ordinary	invagination.	This	dramatic	invagination	
is	 facilitated	 by	 the	 segregation	 of	 transmembrane	 proteins	 away	 from	 the	
invaginating	 membrane315.	 This	 is	 an	 active	 process	 that	 requires	 ATP,	 as	
demonstrated	 by	 in	 vitro	 reconstruction	 experiments316.	 After	 fission	 from	 the	
autophagic	tube,	the	vesicles	freely	move	inside	the	lumen	of	the	lysosome	and	are	
eventually	 degraded317.	 The	 nutrients	 are	 then	 recycled	 into	 the	 cytoplasm318	
(Figure	8).	
Microautophagy	can	be	either	non‐selective,	acquiring	unspecified	material	from	
the	 cytoplasm,	 or	 selective.	 Selective	 microautophagy	 is	 referred	 to	 by	 use	 of	
different	 terms,	 based	 on	 the	 target	 organelle.	 As	 reviewed	 by	 Li	 et	 al319,	

















macroautophagy.	 Conversely,	 factors	 involved	 in	 lipid/membrane	 protein	
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segregation	 (required	 for	 the	 formation	 of	 autophagic	 tubes)	 would	 trigger	
microautophagy.	 This	model	would	 then	 explain	 the	 large	 number	 of	 common	
factors	involved	in	both	mechanisms.	
It	 is	 significant	 to	 consider	 that	 the	 classification	 of	 different	mechanisms	 and	
structures	 is	 a	 strategy	 used	 to	 describe	 and	 attempt	 to	 comprehend	 what	 is	
actually	observed	in	the	cell.	Nevertheless,	this	is	only	an	artificial	categorization.	
From	 the	 cell’s	 perspective,	 such	 classification	may	 prove	 irrelevant,	 since	 the	
cell’s	imperative	is	merely	its	survival	along	with	that	of	the	entire	organism.	
2.6.3 Chaperone‐mediated	autophagy	
Contrarily	 to	 macro‐	 and	 microautophagy,	 CMA	 involves	 no	 membrane	
reorganization.	Rather,	proteins	to	be	degraded	are	directly	transferred	inside	the	
lysosome	one	by	one,	through	the	lysosomal	membrane323,324.	HSC70	(heat	shock	
cognate	 70)	 and	 other	 cofactors324,325	 bind	 a	 specific	 sequence,	 termed	 CMA‐
targeting	motif,	in	the	target	protein	and	direct	it	to	the	lysosomal	membrane323.	
Besides	the	deliverance	of	target	proteins	to	the	lysosomal	membrane,	HSC70	is	







the	 receptor	 for	CMA	 ‐	 Fujiwara	 and	 colleagues	noted	 that	 the	 cytosolic	 tail	 of	
LAMP2C	bound	exclusively	RNA‐binding	proteins329.	Further	studies	have	shown	
that	LAMP2C	directly	binds	RNA	and	participates	in	the	active	(ATP‐dependent)	
transfer	of	RNA	 inside	 the	 lysosome	 for	 its	degradation329.	The	authors	 termed	
this	process	RNautophagy329.	Subsequently,	they	further	characterized	a	similar	






Acrosome	 formation	 is	 generally	 divided	 into	 four	 phases,	 viz:	 Golgi,	 Cap,	
Acrosome	and	Maturation	(Figure	9).	Some	proteins	directed	to	the	acrosome	are	
already	 synthetized	 in	 pachytene	 spermatocytes336–338.	 	 During	 meiosis,	 these	
proteins	 are	 packed	 into	 small	 vesicles	 (proacrosomal	 granules,	 PAGs)	 by	 the	
Golgi	 apparatus	 and	 retained	 close	 by.	 After	 meiosis,	 when	 formation	 the	
acrosome	has	been	commenced	(Golgi	phase),	PAGs	move	from	the	Golgi	to	the	
surface	 of	 the	 nucleus	 and	 cluster	 together	 to	 eventually	 fuse	 to	 form	 the	
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acrosomal	 granule339.	The	migration	of	 the	PAGs	 from	 the	Golgi	 to	 the	nuclear	
membrane	and	their	fusion	is	dependent	on	the	microtubule	system340,341.	During	
the	 cap	 phase,	 more	 vesicles	 fuse	 with	 the	 acrosomal	 granule	 to	 form	 the	
acrosomal	vesicle.	The	acrosomal	vesicle	continues	to	grow	and	flatten	over	the	
nuclear	envelope	to	cover	up	to	two‐thirds	of	the	nuclear	surface1,342.	This	growth	
is	 enabled	 through	 the	 fusion	 of	 new	 cytoplasmic	 vesicles	 with	 the	 acrosome.	
When	spermatid	elongation	commences,	 in	 the	acrosome	phase,	 the	acrosome‐





the	 top	 of	 the	 nuclear	membrane,	 and	 the	 outer	 acrosomal	membrane	 (OAM),	
which	contacts	the	plasma	membrane1.	These	two	domains	are	functionally	and	
molecularly	 different.	 During	 the	 acrosome	 reaction,	 the	 OAM	 fuses	 with	 the	
plasma	 membrane	 to	 release	 the	 acrosomal	 content,	 while	 the	 IAM	 persists	
throughout	the	fertilization	process343,344.	





cells.	 The	 second	 theory	 includes	 the	 endocytic	 pathway	 as	 a	 source	 for	 the	
acrosomal	material345–347.	 For	 a	 few	of	 the	 acrosomal	 granules	might	 originate	
from	endosomes,	so	 that	a	portion	of	 the	acrosomal	material	 is	of	extracellular	
origin,	 possibly	 provided	 by	 Sertoli	 cells.	 Evidence	 for	 this	 theory	 comes	 from	
studies	which	show	that	molecules	added	to	the	culture	medium	were	internalized	
by	testicular	germ	cells	and	eventually	 localized	in	the	acrosome347.	Other	such	




















endosomes	eventually	 fuse	with	 lysosomes	 to	degrade	 their	 content.	Germ	 line	






membrane356,357.	Rab7	 is	 involved	 in	 the	heterotypic	docking	and	 fusion	of	 late	












come	 together.	 It	 has	 long	 been	 observed	 that	 post‐transcriptional	 control	 by	
small	 RNAs	 occurs	 in	 discrete	 granules	 that	 unite	 the	 machinery	 involved	 in	
target‐mRNA	recognition	and	repression.	Dependent	on	the	cell	type	and	specific	
gene	 regulation	 involved,	 these	RNP	granules	are	 termed	P‐bodies,	GW‐bodies,	
stress	 granules	 and	 germ	 granules	 (these	 further	 divided	 in	 P‐granules,	 polar	
granules,	 nuage,	 inter‐mitochondrial	 cement,	 pi‐bodies	 and	 piP‐bodies,	
Chromatoid	body).	These	granules	are	not	delimited	by	a	 lipid	bi‐layer	and	are	
considered	 to	 freely	 reside	 in	 the	 cytoplasm.	Recent	 studies	 suggest	 that	 these	
granules	 and	 the	 cytoplasmic	 membrane	 system	 closely	 work	
together142,171,360,361.	Different	RNP	granules	have	been	observed	to	localize	near	
vesicular	 structures	 inside	 the	 cell362,363,	 but	 a	 mechanistic	 analysis	 has	 been	
absent.		
The	 connection	 between	 the	 RNA‐regulatory	 machinery	 and	 lipid	 membrane	








the	 repression	 of	 the	 target	mRNA	 has	 occurred,	 the	 RISC	 complex	 then	must	
disassemble	 in	 order	 to	 initiate	 another	 round	 of	 repression.	 The	 active	 RISC	
complex	 coincides	 with	 the	 so‐termed	 GW‐bodies	 (due	 to	 the	 presence	 of	
GW182/TNRC6)	 and	 is	 often	 associated	 with	 the	 membrane	 of	 MVBs141,142.	
Internalization	of	TNRC6	into	the	MVB	is	necessary	for	the	correct	function	of	the	
silencing	complex.	 Indeed,	mutants	of	TNRC6	that	cannot	disassemble	from	the	
RISC	 complex,	 block	 the	 repression	 of	 reporter	 genes	 by	 siRNAs142.	 The	 same	





the	 loading	 rate	 of	 RISC	 with	 miRNAs	 and	 siRNAs141.	 ESCRT	 and	 BLOC‐3	
complexes	 therefore	 seem	 to	 have	 opposite	 effects	 on	 the	 regulation	 of	 RISC	
activity.	These	opposing	actions	are	conjectured	to	be	required	for	the	fine	tuning	








by	 the	 autophagy	 target	 receptor	 NDP52171.	 Unloaded	 Dicer	 and	 AGO2	 are	




















is	 presumably	 retained	 on	 the	 membrane.	 (8)	 DICER	 cleaves	 hairpin	 pre‐miRNA	 into	 double‐stranded	
complexes	 containing	 miRNA	 and	 miRNA*	 strands.	 AGO	 binds	 Dicer	 and	 acquires	 the	 miRNA‐miRNA*	
complex.	(9)	AGO	disassociates	from	DICER	and	the	miRNA*	strand	disassociates	from	AGO.	(10)	AGO	bound	









round	 spermatids.	 To	date,	 only	 a	 few	proteins	have	been	 characterized	 as	CB	
components,	 but	 even	 this	 limited	 knowledge	was	 still	 enough	 to	 confirm	 the	
central	 role	 of	 the	 CB	 in	 the	 differentiation	 of	male	 germ	 cell	 into	mature	 and	
functional	sperm.	 	As	such,	 the	general	aim	of	 this	particular	study	has	been	to	
characterize	 the	role	of	 the	Chromatoid	body	 in	haploid	germ	cell‐specific	RNA	

















All	 mice	 (C57BL/6	 and	 FVB	 strains)	 were	 handled	 in	 accordance	 with	 the	
institutional	animal	care	policies	of	the	University	of	Turku.	Mice	were	maintained	
under	controlled	environment	at	the	Central	Animal	Laboratory	of	the	University	of	





(MS‐581‐P1)	 from	 Thermo	 Fisher	 Scientific	 (Watham,	 MA,	 USA);	 DDX4/MVH	
(ab13840),	 EEA1	 (ab2900),	 VPS26A	 (ab23892),	 VPS35	 (ab10099),	 LAMP1 
(ab25245)	from	Abcam	(Cambridge,	UK);	MIWI/PIWIL1	(G82)	from	Cell	Signalling	
Technology	(Danvers,	MA,	USA); FYCO1 (H00079443-A01) form Abnova (Taipei	
City,	 Taiwan); FYCO1 (HPA035526 and SAB1400697) from Sigma-Aldrich (St.	
Louis,	MO,	USA).	Anti‐MARCH11	rabbit	polyclonal	antibody	was	a	gift	 from	Dr.	
Nobuhiro	 Nakamura	 (Tokyo	 Institute	 of	 Technology,	 Tokyo,	 Japan).	 Rabbit 
polyclonal antibody against TSKS was a kind gift from Prof. J.A. Grootegoed, 
Department of Reproduction and Development, Erasmus MC - University Medical 
Center Rotterdam.	 For	 glycoprotein	 labelling,	 we	 used	 the	 following	 lectins:	
rhodamine	 labelled	peanut	 agglutinin	 (PNA,	RL‐1072)	 and	biotinylated	Aleuria	
aurantia	 lectin	 (AAL,	B‐1395)	 from	Vector	Laboratories	 (Burlingame,	CA,	USA);	
Alexa	 Fluor	 488	 conjugated	Helix	 pomatia	 agglutinin	 (HPA,	 L11271)	 from	 Life	
Technologies	 (Carlsbad,	 CA,	 USA).	 Secondary	 antibodies	 conjugated	with	Alexa	
Fluor	488,	546,	594	and	647	made	 in	donkey	and	streptavidin	conjugated	with	





Testis	samples	were	 fixed	 in	5%	glutaraldehyde	 in	0.1	M	collidine	solution	and	
treated	 with	 a	 potassium	 ferrocyanide‐osmium	 fixative.	 The	 samples	 were	
embedded	 in	 epoxy	 resin	 (Glycidether	 100;	 Merck,	 Kenilworth,	 NJ,	 USA),	
sectioned,	stained	with	5%	uranyl	acetate	and	5%	lead	citrate,	and	visualized	on	
a	 JEOL	 1400	 Plus	 transmission	 electron	microscope	 (JEOL	 Ltd.,	 Tokyo,	 Japan).	
Electron	 tomography	 samples	were	 prepared	 following	 the	 same	protocol,	 but	








OR,	 USA)	 operating	 at	 200	 kV.	 Images	 from	 three	 consecutive	 sections	 were	
recorded	at	1	degree	intervals	at	11.5k	magnification.	Recorded	images	were	1988	
x	1878	x	210	pixels	at	16	bits,	pixels	size	1.94	nm	in	the	xy	plane.	IMOD	software	
(http://bio3d.colorado.edu/imod)	was	 used	 to	 create	 3D	 reconstructions	 from	
the	 tilt	 series.	 The	 images	 were	 segmented	 using	 Microscopy	 Image	 Browser,	
developed	by	Electron	Microscopy	Unit,	Institute	of	Biotechnology,	University	of	










and	 1	 mM	 DTT]	 and	 the	 CB‐enriched	 pellet	 fraction	 was	 separated	 by	
centrifugation	 at	 500	×	g	 for	 10	min.	 The	CBs	were	 immunoprecipitated	using	
Dynabead	 Protein	 G	 (Thermo	 Fisher	 Scientific,	 Watham,	 MA,	 USA)	 coupled	 to	
either	 anti‐MVH	 antibody	 or	 rabbit	 IgG	 (NC‐100‐P;	 Thermo	 Fisher	 Scientific,	
Watham,	MA,	USA)	at	4°C	overnight.			
Northern	blot	
Extracted	 RNA	was	 separated	 by	 15%	 denaturing	 polyacrylamide	 urea	MOPS‐
NaOH	gel,	transferred	onto	nylon	membrane	and	cross‐linked	with	1‐ethyl‐3‐(3‐
dimethylaminopropyl)‐carbodiimide	(Sigma‐Aldrich,	St.	Louis,	MO,	USA)367.	The	





















with	Western	 Lightning	 ECL	 Pro	 (NEL121001EA;	 Perkin	 Elmer,	Waltham,	MA,	
USA).	 The	 chemioluminescence	 signal	 was	 recorded	 using	 LAS4000	 (Fujifilm,	















geometric	mean	of	 the	Ct	values	 from	the	 three	 reference	genes	was	used	as	a	
normalization	factor	for	the	calculation	of	the	delta‐Ct	for	each	gene	of	interest	at	
each	 time	point.	The	delta‐delta‐Ct	value	was	calculated	using	 the	1‐week	 time	
point	 as	 reference.	 Three	 biological	 replicates	 were	 analysed.	 All	 RT‐qPCR	
reactions	and	analysis	were	performed	following	MIQE	guidelines368.	
Preparation	of	germ	cells	and	tissues	for	immunostaining	







the	 germ	 cells	 formed	 a	 monolayer,	 the	 glass	 slide	 was	 snap‐frozen	 in	 liquid	
nitrogen	and,	after	removal	of	the	coverslip,	fixed	in	100%	ice‐cold	acetone	for	10	





washed	 in	 milliQ	 water	 for	 2	 h	 with	 repeated	 changes	 of	 fresh	 milliQ	 water,	

















solution	 (Sigma‐Aldrich,	 St.	 Louis,	 MO,	 USA)	 in	 diethylpyrocarbonate	 (DEPC;	
Sigma‐Aldrich,	St.	Louis,	MO,	USA)‐treated	water].	Hybridization	was	done	in	the	
same	 buffer	 containing	 2.5	 μM	 of	 5′	 DIG‐labeled	 LNA	 probe	 (Exiqon,	 Vedbaek,	
Denmark):	5′‐GccAtcActCcaAtaTttGgt‐3′	(capital	letters	stand	for	LNA	and	small	
letters	 for	 DNA	 nucleotides)	 against	 piRNA‐038309	 (NCBI	 ID:	 DQ727400)	 or	












Laboratories,	 Burlingame,	 CA,	 USA)	 or	 ProLong	 Diamond	 Antifade	 Mountant	
(P36970;	 Life	 Technologies,	 Carlsbad,	 CA,	 USA).	Widefield	 fluorescence	 images	
were	 acquired	with	 Zeiss	Axio	 Imager	M1	microscope	 equipped	with	AxioCam	
MRc	 camera	 using	 40X/0.75	 DIC	 Plan‐NeoFluar	 objective	 (Carl	 Zeiss	 AG,	
Oberkochen,	 Germany).	 Widefield	 images	 were	 acquired	 and	 processed	 for	
publication	 with	 Zen	 2011	 software	 (Carl	 Zeiss	 AG,	 Oberkochen,	 Germany).	
Confocal	images	were	acquired	using	either	a	Zeiss	510	META	or	a	Zeiss	780	laser	
scanning	confocal	microscope	with	40X/1.2 Water or 100X/1.4 Oil DIC objectives 
(Carl	Zeiss	AG,	Oberkochen,	Germany).	Resolution	in	the	3	dimensions	was	set	at	
optimal	 with	 Zen	 2	 software	 (Carl	 Zeiss	 AG,	 Oberkochen,	 Germany).	 Confocal	








respectively.	Rapamycin (sc-3504; Santa Cruz Biotechnology, Heidelberg,	Germany) 
and Nocodazol (M1404; Sigma‐Aldrich,	St.	Louis,	MO,	USA) were diluted in DMSO to 
10 mg/mL; Bafilomycin A1 (sc-201550; Santa Cruz Biotechnology, Heidelberg,	
Germany) was diluted 0.1 mg/mL in DMSO. Sections	of	the	seminiferous	tubules	
representing	 stage	 II‐V	 of	 the	 seminiferous	 epithelial	 cycle	 were	 dissected	 as	
described	above	and	cultured	in	50	µL	final	volume	of	DMEM	with	drug	or	vehicle	
alone	diluted	1:100	for	6	hours	in	a	humidified	incubator	at	34°C,	5%	CO2.	After	







containing	 the	 seminiferous	 tubule	 fragments	 was	 divided	 into	 two	 tubes	
containing	25	mL	collagenase	solution	[1X	KREBS	buffer	with	22.5	mg	Collagenase	












KREBS	 buffer	 containing	 5	 μg	DNase	 I	 and	 filtered	 through	 100	 μm	 filter.	 Cell	
suspensions	were	pooled	together	and	centrifuged	2	min,	500	×	g	at	RT.	Cell	pellet	
was	 resuspended	 in	 5	 mL	 ice‐cold	 1X	 KREBS	 buffer	 with	 1	 μg	 DNase	 I.	 Cell	










HEPES	 pH	 7.2,	 1X	 complete	 protease	 inhibitor	 cocktail	 (04693116001;	 Roche,	
Basel,	Switzerland)].	Cells	were	disrupted	by	nitrogen	cavitation	(500	p.s.i	5	min	
at	RT;	Parr	Instruments,	Moline,	IL,	USA).	Cell	lysate	was	centrifuged	5	min,	2000	
×	 g	 at	 4°C.	 Supernatant	 was	 centrifuged	 5	 min,	 17000	 ×	 g	 at	 4°C.	 Pellet	





4	 testes	 from	 adult	 mice	 were	 collected	 in	 PBS.	 Seminiferous	 tubules	 were	
released	from	the	tunica	albuginea,	quickly	minced	with	scissors	and	incubated	
60‐90	min	at	RT	in	50	mL	of	collagenase	solution	(0.5	mg/mL	Collagenase	Type	I,	
0.1%	 glucose	 in	 PBS)	 on	 a	 hula	 mixer	 to	 release	 the	 germ	 cells	 from	 the	




200;	 Diagenode,	 Liege,	 Belgium)	 on‐ice	 in	 1	 mL	 isotonic	 non‐denaturing	 lysis	
buffer	[150	mM	NaCl,	5	mM	EDTA,	50	mM	Tris‐HCl	pH	8.0,	1%	Triton	X‐100,	1X	













at	 the	 Turku	 Proteomics	 Facility	 according	 to	 the	 standard	 protocol.	 Digested	
peptides	were	dissolved	in	1%	formic	acid	(ctrl	11	µL	and	all	the	rest	15	µL);	5	µL	
of	 each	 sample	 was	 submitted	 to	 LC‐ESI‐MS/MS	 analysis.	 The	 LC‐ESI‐MS/MS	
analyses	were	performed	on	a	nanoflow	HPLC	system	(Easy‐nLCII;	Thermo	Fisher	
Scientific,	 Bremen,	 Germany)	 coupled	 to	 the	 LTQ	 Orbitrap	 Velos	 Pro	 mass	
spectrometer	 (Thermo	 Fisher	 Scientific,	 Bremen,	 Germany)	 equipped	 with	 a	






was	 acquired	 automatically	 by	 using	 Thermo	 Xcalibur	 3.0	 software	 (Thermo	




Mascot	 server	 running	 the	Mascot	 2.4.1	 software	 (Matrix	 Science,	 Boston,	MA,	
USA).	Data	was	searched	against	the	SwissProt	database	(release	2014_08).	The	
following	 search	 parameters	 were	 used.	 Type	 of	 search:	 MS/MS	 Ion	 Search,	
Taxonomy:	 Mus	 musculus,	 Enzyme:	 Trypsin,	 Fixed	 modifications:	




Da,	 Max	 Missed	 Cleavages:	 1,	 Instrument	 type:	 ESI‐TRAP.	 Results	 from	




controlled	 environmental	 conditions,	 and	 was	 followed	 by	 local	 laws	 and	
regulations	 [Finnish	 Act	 on	 the	 Protection	 of	 Animals	 Used	 for	 Scientific	 or	
Educational	 Purposes	 (497/2013),	 Government	 Decree	 on	 the	 Protection	 of	
Animals	 Used	 for	 Scientific	 or	 Educational	 Purposes	 (564/2013)]	 The	 genetic	
background	of	all	the	mice	used	in	this	study	was	mixed	background	with	C57Bl/6J	
and	SV129.	The	construct	 for	 the	generation	of	 the	FYCO1	conditional	knockout	
(MGI:107277)	 was	 purchased	 from	 the	 International	 Mouse	 Phenotyping	
Consortium,	 and	 validity	 of	 construct	 was	 confirmed	 by	 restriction	 enzyme	
digestion	 and	by	 sequencing.	 G4	 embryonic	 stem	 cells	 (ES,	 derived	 from	mouse	






electroporated	 with	 plasmid	 pCAGGS‐Cre.	 After	 electroporation,	 the	 cells	 were	














Bouin’s	 fixative	 (4	 to	 20	 hours	 at	 room	 temperature).	 Tissues	 were	 then	
dehydrated	 in	 a	 series	 of	 ethanol	 washes	 and	 embedded	 in	 paraffin.	 Paraffin	








5.1 Chromatoid	 body	 isolation	 and	 preliminary	
analysis	(I)	
The	CB	was	first	described	over	a	century	ago	by	von	Brunn	and	Benda174,214,	but	
its	 actual	 study	 has	 been	hampered	by	 failure	 of	 its	 isolation	 to	 date.	 In	 1998,	
Figueroa	and	Burzio370	reported	the	isolation	of	CBs	from	60	rat	testes,	but	with	a	
very	poor	yield	and	 low	purity	 in	 the	 final	 sample.	Thus,	when	considering	 the	
presumed	importance	of	the	CB	arising	from	the	mouse	models	for	the	few	known	








qualities	 of	 one	 core	 component	 of	 the	 CB,	 the	mouse	 VASA	 homolog	 protein,	
MVH/DDX4191.	 MVH/DDX4	 has	 long	 been	 associated	 with	 the	 CB	 and	 has	
developed	over	 the	years	 into	use	as	a	CB	marker.	Moreover,	 it	proved	 to	be	a	
highly	 effective	 antigen	 for	 antibody	 production,	 since	 both	 homemade	 and	
commercial	 anti‐MVH	 antibodies	 show	 high	 specificity	 and	 avidity	 for	 the	
endogenous	 protein.	 Germ	 cells	 were	 initially	 released	 from	 the	 seminiferous	
tubules	 by	 a	 gentle	 digestion	 with	 collagenase.	 The	 size	 of	 the	 CB	 can	 be	 a	
challenge	 for	 its	 isolation,	since	 the	more	 liable	components	can	detach	 from	it	
during	 the	 isolation	 process;	 in	 order	 to	 isolate	 the	 CB	 in	 its	 intact	 form,	 CB	
components	were	cross‐linked	together	through	a	mild	treatment	with	the	cross‐
linking	 agent	 paraformaldehyde.	 After	 such	 cross‐link,	 the	 cells	 were	 lysed	 by	
sonication	in	lysis	buffer.	CBs	were	precipitated	by	selective	centrifugation	at	500	
×	g	in	order	to	concentrate	the	CBs	in	solution	and	eliminate	the	cytosolic,	non‐CB	








Figure	11	 Schematic	 presentation	 of	 the	 CB	 isolation	 protocol.	 Germ	 cells	were	 released	 by	 collagenase	
digestion	from	two	mouse	testes.	Cells	were	washed	and	cross‐linked	with	0.1%	PFA.	After	termination	of	the	
cross‐linking	reaction	and	washes,	cells	were	resuspended	 in	the	 lysis	buffer	and	sonicated.	Lysates	were	




















the	main	 proteins	 that	 form	 the	 CB	 (I,	 Fig.3A).	Mass‐spectrometric	 analysis	 of	
these	bands	identified	MVH/DDX4	(Mouse	Vasa	Homolog/DEAD‐box	helicase	4),	





Fig3B‐D).	 Previous	 studies	 had	 identified	 these	 proteins	 in	 the	 CB	 by	


























specific	 class	 of	 26‐30	 nucleotide‐long	 RNAs	 called	 piRNAs	 (PIWI‐interacting	
RNAs).	Both	MIWI	and	MILI	localize	to	the	CB.	It	was	hypothesised	that	the	small	
RNA	 band	 enriched	 in	 the	 CB	 extracts	 corresponds	 to	 piRNAs.	 Northern‐blot	
analysis	 was	 performed	 by	 use	 of	 probes	 against	 specific	 piRNAs	 and	 their	
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presence	 confirmed	 in	 the	 30	 nucleotide‐long	 RNA	 band	 from	 CB	 extracts	 (I,	
Fig.5C),	but	not	in	the	control	IP.		
Squash	 preparations	 of	 seminiferous	 tubule	 sections	 were	 used	 to	 study	 the	
cellular	 localization	 of	 piRNAs	 by	 fluorescence	 in	 situ	 hybridization.	 Besides	 a	
diffused	signal	in	the	cytoplasm,	piRNAs	showed	to	be	highly	concentrated	in	one	
single	 granule	 near	 the	 nucleus	 of	 haploid	 round	 spermatids;	 phase	 contrast	













spermatogenesis.	 The	 first	 wave	 of	 spermatogenesis	 occurs	 immediately	 after	





respectively,	 during	 the	 first	 wave	 of	 spermatogenesis	 (II,	 Fig.1A).	 	 Both	
techniques	showed	that	both	VPS26A	and	VPS35	expression	increased	during	the	
first	 wave	 of	 spermatogenesis,	 to	 reach	 a	 stable	 level	 in	 the	 adult.	 This	 data	




VPS35	 was	 concentrated	 in	 cytoplasmic	 granules,	 predominantly	 in	
spermatocytes	and	round	spermatids	(II,	Fig.1B),	which	granules	were	dispersed	
throughout	 the	 cytoplasm.	 Using	 high‐resolution	 confocal	microscopy,	 VPS26A	








assembly	of	 the	acrosome.	These	were	notably	different	 from	 the	 stacks	of	 the	



















the	 cytoplasm	 of	 a	 haploid	 round	 spermatid	 (stages	 II–V).	 Different	 organelles	 were	 segmented	 for	 3D	




(blue)	 and	 the	Golgi	 complex	 (purple)	were	 found	 close	 to	 the	CB.	A	 tubular	 segment	of	 the	ER	 (yellow)	






As	 aforementioned,	 in	 the	 list	 of	 CB	 protein	 components	 were	 the	 Retromer	
associated	proteins	VPS26A	and	VPS35.	Their	presence	in	the	CB	was	validated	by	
immunoblotting	with	 antibodies	 against	 VPS26A	 and	 VPS35	 in	 CB	 extracts	 (II,	
Fig.3A).	 To	 comprehend	 their	 relationship	 to	 the	 CB	 inside	 the	 cell,	 indirect	
immunofluorescence	 of	 spermatids	 co‐stained	 for	 VPS35	 and	 two	 different	 CB	







that	were	not	associated	with	 the	CB.	These	 structures	appeared	 to	be	 smaller	
than	those	found	adjacent	to	the	CB.		
5.2.4 Relationship	 between	 different	 organelles	 in	 the	
cytoplasm	of	haploid	round	spermatids	
In	somatic	cells,	the	Retromer	is	involved	in	the	recycling	of	cargo	receptors	from	
endosomes/MVBs	 to	 the	 Golgi	 complex.	 Since	 it	 appeared	 that	 no	 prior	
investigation	into	Retromer	proteins	in	male	germ	cells	had	been	undertaken,	the	
relationship	 between	 VPS35	 and	 the	 endosome/MVB	 system	 in	 haploid	 round	
spermatids	was	studied.	VPS35	was	co‐stained	along	with	the	E3	ubiquitin	ligase	
MARCH11,	a	membrane	protein	located	in	MVBs376,377.	Some	of	the	VPS35	positive	
structures	 showed	 co‐localization	 with	 MARCH11	 (II,	 Fig.4A).	 VPS35	 positive	
vesicles	also	showed	cargo	marked	by	Aleuria	aurantia	 lectin	(AAL)	(II,	Fig.4B).	
AAL	marks	proteins	 present	 in	 the	MVBs,	which	 supports	 the	 results	 obtained	
with	 MARCH11.	 VPS35	 was	 therefore	 associated	 with	 MVBs	 in	 haploid	 round	
spermatids.	 VPS35	 also	 showed	 co‐localization	 with	 EEA1	 (Early	 Endosome	







from	 endosomes.	 Co‐staining	 of	 VPS35	 was	 performed	 with	 PNA	 (peanut	
agglutinin)	 and	 HPA	 (Helix	 pomatia	 agglutinin),	 two	 lectins	 which	 recognize	
material	usually	present	in	the	acrosome	and	in	the	Golgi,	respectively378.	HPA‐
positive	Golgi	was	often	 associated	with	 the	PNA‐positive	 acrosome	 in	haploid	
round	spermatids	(II,	Fig4D).	Additionally	to	this,	PNA	also	stained	small	granules	
in	 the	 cytoplasm.	 Of	 note,	 these	 granules	 were	 often	 surrounded	 by	 VPS35‐
positive	signal	(II,	Fig.4D).	As	such,	a	likely	interpretation	is	that	VPS35‐positive	




5.2.5 Retromer	 vesicles	 interact	 with	 the	 lysosome	
pathway	
These	previous	 results	 indicated	 interaction	of	 the	Retromer	proteins	with	 the	
endosomal	 system.	 As	 such	 to	 better	 elucidate	 the	 mechanism	 of	 these	
interactions,	pieces	of	seminiferous	tubules	in	culture	were	treated	with	Brefeldin	
A,	a	drug	that	disrupts	the	Golgi	apparatus,	which	became	no	longer	visible	after	
this	 treatment	 (II,	 Fig.5A).	 If	 the	 role	of	VPS35	was	 somehow	connected	 to	 the	
transport	of	vesicles	to	the	Golgi	apparatus,	either	a	decrease	of	these	vesicles	due	
to	 inhibition	 of	 their	 formation	 would	 be	 expected,	 or	 their	 accumulation	 in	
discrete	 regions	 inside	 the	 cell,	 following	 the	 disappearance	 of	 their	 target	
organelle.	 Contrarily,	 VPS35‐positive	 vesicles	 appeared	 unaffected	 by	 the	
Brefeldin	 A	 treatment	 (II,	 Fig5A).	 As	 such,	 Retromer	 proteins	 may	 therefore	
possess	Golgi	 independent	 roles	 in	haploid	round	spermatids.	This	data	shown	
above,	suggests	that	Retromer‐positive	vesicles	may	be	involved	in	the	transport	




the	 MVB‐lysosome	 system379–381.	 Incubation	 with	 U18666A	 resulted	 in	 the	
complete	 disappearance	 of	 the	 VPS35‐positive	 vesicles	 (II,	 Fig.5B).	 Further,	
MARCH11	signal	did	not	show	any	difference	compared	to	the	control,	to	indicate	
that	MVBs	remain	present	in	the	cell	(II,	Fig.5B).	Conversely,	EEA1	particles	were	








which	are	considered	to	be	scaffold	proteins	 involved	 in	 tethering	 together	 the	
different	 components	 of	 the	 CB156,194.	 The	 cellular	 localization	 of	 VPS35	 in	 the	
testis	of	TDRD6	and	TDRD7	knockout	mice	was	studied	and,	even	though	the	CB	
structure	 is	 completely	 compromised	 in	 these	 mouse	 models156,193,194,	 VPS35‐
positive	vesicles	appeared	still	unaffected	(II,	Fig6.A,B).	
Another	interesting	mouse	model	for	the	study	to	of	the	role	of	the	CB	is	the	MIWI	
knockout.	 MIWI	 is	 involved	 in	 the	 piRNA	 pathway,	 likely	 the	 main	 molecular	
pathway	 present	 in	 the	 CB	 (I).	 MIWI‐KO	 mice	 present	 the	 arrest	 of	
spermatogenesis	at	the	haploid	round	spermatid	stage,	and	the	CB	morphology	
becomes	 severely	 compromised116,183.	 Of	 note,	 VPS35‐positive	 vesicles	 were	







it	would	 appear	 that	 the	 acrosomal	 granules	did	not	 correctly	 fuse	 together	 to	
form	the	acrosomal	vesicle	(II,	Fig.6D).	PNA	staining	of	control	testis	showed	the	
classical	flat	morphology	of	the	acrosome	on	the	top	of	the	nuclear	membrane	in	
stage	VII‐VIII	 seminiferous	 tubule	 sections.	 Contrarily,	MIWI‐KO	 tissue	 showed	
only	small,	scattered	PNA‐positive	granules	(II,	Fig.6D).	As	such,	abnormality	in	
the	 VPS35‐positive	 vesicles	 could	 be	 an	 indirect	 effect	 arising	 from	 the	 more	
general	 defects	 in	 the	 endomembrane	 system	 in	 MIWI‐KO	 round	 spermatids.	
Conversely,	 this	 along	 with	 other	 independent	 data	 provided	 by	 this	 study,	
indicate	 a	 correlation	 between	 the	 CB	 and	 the	 endosome‐dependent	 acrosome	
formation,	with	VPS26A‐VPS35	positive	vesicles	as	players	in	this	process.	
5.3 FYCO1	 –	 A	 bridge	 between	 the	 CB	 and	
lysosomes	(III)	
It	has	long	been	observed	that	small	cytoplasmic	vesicles	surround	the	CB.	In	a	
similar	 area	 in	 the	 cell,	Haraguchi	et	al.	 showed	 the	presence	 of	 the	 lysosomal	
marker	LAMP1,	which	indicates	that	the	CB	is	associated	with	lysosomal	activity.	
Following	the	successful	isolation	of	the	CB	(I)	and	the	accurate	description	of	its	
composition165,	 further	 comprehension	 of	 the	 CB‐cytoplasmic	 vesicles	
conundrum	was	achieved.	
5.3.1 A	novel	CB	component	–	FYCO1	
With	 the	 objective	 to	 unveil	 a	 molecular	 connection	 between	 the	 CB	 and	 the	
vesicular	system	that	surrounds	it,	a	search	among	the	proteins	that	form	the	CB	
was	conducted,	for	likely	candidates	involved	in	vesicular	pathways.	FYCO1	(FYVE	








partum	 and	 in	 the	 adult,	 this	 means	 that	 its	 expression	 was	 particularly	
concentrated	in	haploid	spermatids	(III,	Fig.1C).		












seminiferous	 tubule	 sections	 that	 represented	 stages	 II‐V	 of	 the	 seminiferous	
epithelial	 cycle.	 Laser	 scanning	 confocal	 microscopy	 of	 round	 spermatids	
confirmed	the	presence	of	FYCO1	in	the	CB	marked	by	DDX4,	MIWI	and	DDX25	
(III,	 Fig.3A).	 FYCO1	 also	 co‐localised	 with	 the	 late	 CB	 marker	 TSKS	 in	 the	
cytoplasm	of	elongating	spermatids	(III,	Fig.3A).	FYCO1	already	co‐localized	with	




components	 in	 non‐CB‐associated	 small	 cytoplasmic	 granules	 in	 round	




MS.	 In	 the	 list	 of	 the	 proteins	 that	 co‐precipitated	 with	 FYCO1,	 different	 CB	
components,	 such	 as	 the	 early	 CB	 markers	 DDX4	 and	 TDRD1	 were	 identified	
together	 with	 MIWI,	 TDRD7	 and	 DDX25,	 and	 the	 late	 CB	 markers	 TSSK1	 and	
TSSK2	(III,	Supplementary	Table	1).	The	association	of	FYCO1	with	different	CB	
components	 was	 thereby	 confirmed.	 Of	 interest,	 in	 MIWI‐KO	 and	 TDRD6‐KO	




In	 support	 of	 the	 known	 role	 of	 FYCO1	 as	 a	 microtubule‐dependent	 vesicle	









To	 better	 comprehend	 the	 role	 of	 FYCO1	 during	 spermatogenesis,	 a	 germ	 line	
specific	FYCO1‐cKO	mouse	was	generated	by	the	crossing	of	mice	with	two	loxP	
sites	flanking	FYCO1	exon	6	(FYCO1fx/fx),	and	a	transgenic	mouse	which	expressed	
the	 Cre	 recombinase	 under	 the	 control	 of	 the	Ngn3	 promoter	 (Ngn3Cre+).	 The	
depletion	of	exon	6	in	the	germ	line	of	FYCO1fx/fx;	Ngn3Cre+	mice	(referred	to	as	
FYCO1	cKO	in	this	study)	causes	a	frame	shift,	with	the	generation	of	a	premature	
stop	 codon.	 The	 resulting	mRNA	 is	 therefore	 degraded	 through	 the	 non‐sense	
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mediated	 decay	 pathway.	 FYCO1	 depletion	 was	 verified	 by	 WB	 and	 IF	 (III,	
Fig.4A,B).	 Histological	 analysis	 of	 the	 testis	 and	 epididymis	 failed	 to	 show	 any	












Similar	 fragmentation	 of	 the	 CB	 was	 obtained	 in	 wild‐type	 testis	 following	
treatment	of	segments	of	the	seminiferous	tubules	with	Nocodazol	(III,	Fig.4E)384,	
which	 inhibits	microtubule	 polymerization.	 This	 result	 therefore	 indicates	 that	
the	 integrity	 of	 the	 CB	 is	 dependent	 upon	 the	 microtubule	 cytoskeleton,	 in	
addition	to	the	microtubule‐dependent	transport	protein	FYCO1.	
5.3.5 The	CB	and	autophagocytosis	
FYCO1	was	 first	 identified	 as	 a	 binding	 partner	 of	 LC3B	 and	 RAB7	 in	 somatic	
cells382.	 Pankiv	et	al.	 described	FYCO1	as	 connecting	autophagosomes	with	 the	








along	 with	 cisterns	 of	 the	 endoplasmic	 reticulum	 and	 MVBs	 (II).	 These	 small	
vesicles	were	investigated	more	in	detail:	3D	reconstruction	revealed	that	these	
have	a	cup‐shaped	morphology	with	protrusions	that	resemble	phagophores	(III,	
Fig.6A).	 It	 is	 therefore	 plausible	 to	 conclude	 that	 these	 may	 indeed	 represent	
autophagocytic	vesicles.	
To	verify	whether	FYCO1	maintains	the	same	properties	as	in	somatic	cells,	the	
cytoplasmic	 vesicle	 fraction	 from	 isolated	 round	 spermatids	 was	 purified.	
Immunoprecipitation	of	FYCO1	from	the	vesicle‐enriched	fraction	revealed	that	
FYCO1	 interacts	 with	 LC3B	 in	 round	 spermatids	 (III	 Fig.6B),	 to	 indicate	 the	
involvement	 of	 FYCO1	 in	 the	 transport	 of	 autophagosomes.	 Testis	 sections	 co‐










In	 somatic	 cells,	 protein	 aggregates,	 such	 as	 P‐bodies,	 stress	 granules	 and	




the	 autophagic	 pathway,	 and	 the	 LAMP1‐positive	 structures	 were	 analysed	
(autophagolysosomes	and	lysosomes).	In	samples	cultured	with	vehicle	(DMSO),	
small	 LAMP1	 positive	 vesicles	 were	 detected	 in	 the	 cytoplasm	 of	 round	
spermatids	 and	 in	 the	 area	which	 surrounds	 the	 CB	 (III,	 Fig.7;	 Figure	13),	 as	
previously	described	by	immuno‐EM363.	Seminiferous	tubule	sections	were	then	
cultured	with	Rapamycin,	which	 is	 an	mTOR	 inhibitor	 and	 therefore	 induces	 a	
response	 similar	 to	 starvation	 and	 promotes	 autophagy.	 Rapamycin	 treatment	





In	 seminiferous	 tubules	 from	 FYCO1	 cKO,	 LAMP1	 signal	 is	 similar	 to	 control	
tissues,	 when	 incubated	 with	 vehicle	 (DMSO).	 Conversely,	 no	 response	 to	
Rapamycin	or	Bafilomycin	A1	treatments	was	detected	in	the	FYCO1	cKO	round	














cultures,	 squash	 preparations	 were	 made	 and	 immune‐stained	 with	 anti‐DDX25	 (red)	 and	 anti‐LAMP1	
(green).	Nuclei	were	stained	with	DAPI	(blue).		Arrows	point	to	the	LAMP1‐signal	recruited	in	the	CB	area	











6.1 Isolation	 of	 the	 CB	 and	 identification	 of	 its	
components	
The	nature	and	function	of	the	CB	has	intrigued	scientists	since	its	discovery	in	the	
late	 19th	 century174,214,385.	 What	 is	 the	 function	 of	 this	 large	 agglomerate	 of	
proteins	and	RNAs	 in	 the	cytoplasm	of	haploid	round	spermatids?	And	 further,	
from	where	does	it	originate	and	then	to	where	does	it	vanish,	during	elongation	




centrifugation	 and	 required	 an	 impractical	 number	 of	 rat	 testes	 as	 starting	
material,	the	protocol	developed	for	this	study	required	only	2	to	4	mouse	testes.	





immuno‐precipitation	 protocol,	 with	 the	 loss	 of	 many	 of	 its	 components.	 To	
overcome	this	issue,	this	developed	protocol	included	a	mild	cross‐linking	of	the	
germ	 cells	 with	 0.1%	 PFA	 (compared	 standard	 protocols,	 such	 as	 chromatin	
immuno‐precipitation,	which	use	1%).	With	such	treatment,	very	close	molecules	
were	 expected	 to	 be	 covalently	 bound	 together,	 while	 excess	 linking	 of	 loose	
components	is	likely	avoided.		
MVH/DDX4	is	one	of	the	main	components	of	the	CB,	and	has	been	used	as	a	CB	
marker	 for	many	 years.	Moreover,	 it	 has	 excellent	 antigenic	 properties	 so	 that	
antibodies	raised	against	it	show	high	specificity	and	avidity.	As	such,	MVH/DDX4	
was	 chosen	 as	 the	 target	 to	 immuno‐precipitate	 the	 CB.	 MVH/DDX4	 is	 highly	
concentrated	in	the	CB,	but	is	also	present	in	the	cytoplasm.	To	separate	the	CB‐
bound	 MVH/DDX4	 from	 its	 cytoplasmic	 counterpart,	 the	 size	 of	 the	 CB	 was	
considered.	Centrifugation	of	the	lysed	cells	at	500	×	g	allowed	precipitation	of	the	
CB,	 along	 with	 other	 cellular	 organelles	 of	 similar	 or	 larger	 size,	 while	 other	
cytoplasmic	molecules	 remained	 in	 solution	 in	 the	 supernatant	 fraction.	 In	 the	
resuspended	pellet,	the	only	MVH/DDX4	present	in	the	sample	was	that	included	
in	the	CB.	
At	 this	 stage,	 the	 CB	was	 specifically	 separated	 from	 the	 other	 components	 in	
solution	by	immuno‐precipitation	through	use	of	an	antibody	against	MVH/DDX4.	
The	 final	 sample	was	 represented	by	 in	effect	purified	CBs.	The	validity	of	 this	
protocol	was	proved	by	identification	of	known	CB	components,	such	as	MIWI	and	




By	this	process,	 the	complete	and	precise	composition	of	 the	CB	 in	terms	of	 its	
proteome	and	its	transcriptome	is	now	known.	This	data	is	predicted	to	represent	
the	 springboard	 for	 future	 research	 on	 the	 CB	 and	 post‐meiotic	 germ	 cell	
differentiation.	
From	these	experiments	came	the	significant	discovery	of	the	presence	of	piRNAs	
in	 the	 CB.	 Indeed,	 this	 class	 of	 germ	 line‐specific	 small	 RNAs	 is	 particularly	
enriched	in	the	CB,	and	their	presence	can	be	detected	by	RNA	fluorescent	dyes,	
such	 as	 SYBR	 Gold,	 without	 the	 need	 for	 highly	 sensitive	 techniques,	 such	 as	
radioactivity.		
Since	 the	 publication	 of	 this	 CB‐isolation	 protocol,	 several	 updates	 were	
introduced	 and	 an	 improved	 protocol	 published,	 which	 allows	 any	 research	
laboratory	 to	 easily	 implement	 the	 technique366.	 Further,	 arising	 from	 the	
efficiency	of	 the	protocol,	established	 for	 this	study,	 to	 isolate	pure	 fractions	of	
CBs,	a	comprehensive	list	of	proteins	and	RNAs	forming	the	CB	was	also	finally	
compiled,	too165.	This	analysis	revealed	that	the	main	proteins	within	the	CB	are	
RNA	binding	proteins,	 or	 at	 least	 proteins	 involved	 in	RNA	 regulation.	 Further	





centre	 for	 newly	 synthetized	 RNAs.	 The	 presence	 of	 proteins	 involved	 in	 RNA	
splicing	and	in	the	non‐sense	mediated	decay,	indicates	that	the	RNA	undergoes	a	
quality	 control	 check	 in	 the	 CB.	 Members	 of	 small	 RNA	 pathways,	 capable	 of	
silencing	and	degrading	RNAs,	can	be	involved	in	the	degradation	of	incorrectly	




of	 its	components,	and	 the	expression	of	 some	of	 them	at	different	 time	points	
during	 spermatid	maturation.	 Particularly	 during	 the	 transition	 from	 round	 to	
elongating	 spermatids,	 the	 CB	 composition	 is	 dramatically	 remodelled	 upon	
disappearance	 of	 all	 the	 characteristic	 CB	 proteins,	 including	 MVH,	 MIWI	 and	
DDX25.	 Other	 proteins,	 such	 as	 TSSK1,	 TSSK2	 and	 TSKS,	mark	 the	 CB	 only	 in	
elongating	spermatids,	when	DDX25	and	MIWI	are	absent.	Our	results	show	that	
FYCO1	 is	present	 in	 the	CB	during	 its	whole	existence:	 from	the	appearance	of	
haploid	round	spermatids	immediately	after	meiosis,	until	the	CB	breaks	down	in	




The	 protocol	 developed	 in	 this	 study	 can	 be	 adjusted	 to	 the	 use	 of	 different	
antigens	other	than	MVH	to	isolate	the	CB.	Isolation	of	the	CB	through	the	use	of	
target	proteins	that	are	expressed	at	different	time	points,	such	as	MIWI	and	TSKS,	














from	endosomes	 to	 the	Golgi	 complex,	 in	somatic	cells.	 In	 this	 study,	Retromer	




(II).	 By	 EM,	 it	 became	 clear	 that	 small	 vesicles,	 which	 resemble	 phagophores,	
surround	the	CB,	and	MVBs	are	often	found	close	by	(II).	Immuno‐EM	analysis	is	
now	required	 to	 further	unravel	which	of	 these	membranous	organelles	 is	VPS	
positive.	Nevertheless,	it	is	likely	that	material	is	acquired	from	the	CB	by	either	











In	 this	study	on	Retromer‐positive	vesicles	 in	round	spermatids,	 it	was	noticed	
that	the	cargo	of	several	of	these	vesicles	is	marked	by	PNA.	PNA	is	a	lectin	that	
marks	acrosome	material	and	has	been	used	as	an	acrosome	marker	 in	several	














role	 of	 the	 Retromer	 is	 to	 recycle	 proteins	 from	 endosomes	 back	 to	 the	 Golgi	
complex.	 By	 disruption	 of	 the	 Golgi	 complex	 with	 Brefeldin	 A1,	 either	
accumulation	of	the	Retromer‐positive	vesicles	due	to	the	disappearance	of	their	
target	 organelle,	 or	 their	 absence,	 would	 be	 anticipated.	 However,	 contrary	 to	
such,	 no	 noticeable	 difference	 in	 the	 VPS35‐positive	 vesicles	 was	 detected.	





In	 the	 round	 spermatids	 treated	 with	 U18666A,	 the	 VPS35‐positive	 vesicles	
became	 no	 longer	 visible.	 However,	 MVBs	 marked	 by	 the	 membrane	 protein	
MARCH11	remained	present,	along	with	small	cytoplasmic	granules	positive	for	
PNA.	 These	 observations	 led	 to	 the	 conclusion	 that	 a	 functional	 lysosomal	
pathway	 is	 required	 for	 the	 formation	 of	 such	 vesicles.	 Another	 response	 to	





It	 is	 important	 to	 keep	 in	mind	 that	U18666A	does	not	 represent	 a	 direct	 and	
specific	disruptor	of	one	isolated	pathway,	for	it	is	also	possible	that	the	effect	on	
early	endosomes	and	the	Retromer	is	indirect,	and	so	does	not	implicate	such	a	





observed	 in	 somatic	 cells.	 Further,	 it	may	 also	 be	 that	 VPS35	 vesicles	 retrieve	
material	from	the	acrosome,	which	is	not	required	in	the	mature	sperm358.	Several	
proteins	 derived	 from	 the	 Golgi	 or	 from	 lysosomes	 are	 indeed	 present	 in	 the	








cell	 type	–	germ	 line	SNX	proteins,	or	other	proteins	alike,	direct	 the	Retromer	
coated	vesicles	 from	endosomes/MVBs	 to	 the	acrosome.	As	 such,	SNX	proteins	
would	thereby	need	to	recognize	the	acrosome	as	an	alternative	destination,	as	
opposite	to	the	Golgi	complex.	This	may	account	for	those	vesicles	that	also	show	
cargo	 positive	 for	 acrosome	material	 (PNA	positive	 staining).	 Other	Retromer‐
Discussion	
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more	 that	 1‐2	 days,	 particularly	 under	 deleterious	 treatments.	 As	 such,	
investigation	of	the	effect	of	U18666A	on	the	maturation	of	the	acrosome	could	
not	 be	 achieved.	 The	 results	 collected	 to	 date	 suggest	 different	 explanative	
scenarios.	 For	 example,	 the	 impairment	of	 the	 lysosomal	pathway	may	disrupt	
Retromer	 activity,	 to	merely	 block	 the	whole	 process	 of	 the	 recycling	 of	 cargo	
receptors,	 even	 in	 advance	 of	 the	 Retromer	 assembly	 onto	 the	
endosomal/lysosomal	 membrane.	 Conversely,	 persistency	 of	 VPS35‐positive	
vesicles	after	disruption	of	the	Golgi	along	with	the	presence	of	acrosomal	cargo	
in	 them,	 strongly	 indicate	 germ	 cell‐specific	 functions.	 In	 support	 of	 this	
hypothesis	–	that	part	of	the	acrosome	content	originates	from	outside	the	round	
spermatid	 –	 the	 disappearance	 of	 EEA1	 and	 VPS35	 associated	 vesicles	 may	
actually	be	closely	correlated.	EEA1	marks	the	early	endosomes	immediately	after	
their	 internalization	 from	 the	 plasma	membrane.	 The	Retromer	 then	marshals	
these	 vesicles	 and	 drives	 them	 toward	 the	 acrosome.	 It	 would	 so	 follow	 that	





vesicles	 in	 haploid	 germ	 cells	 was	 required;	 as	 such,	 the	 presence	 of	 VPS35‐
positive	vesicles	in	different	mouse	models	with	an	impaired	CB	was	investigated.	
TDRD	proteins	are	known	to	function	as	a	scaffold	for	the	formation	and	integrity	
of	 the	 CB.	 TDRD6,	 TDRD7	 and	 MIWI	 knockout	 mice	 have	 no	 CB	 and	
spermiogenesis	 halts	 at	 early	 stages.	 In	 the	 present	 study,	 the	 acrosome	 was	
shown	to	begin	to	form	normally	in	TDRD6	and	TDRD7	knockout	mouse	models	
and	the	VPS35	and	PNA	positive	granules	were	unaffected.	Conversely,	the	MIWI‐
KO	 testis	 showed	 an	 impaired	 acrosome:	 acrosomal	 granules	 would	 not	 fuse	
together	but	concentrate	close	to	the	nuclear	membrane.	MIWI	is	involved	in	the	
piRNA	pathway	and	its	disruption	likely	has	a	significant	effect	on	the	regulation	
of	 both	 transcription	 and	 translation	 inside	 the	 affected	 cells.	 As	 such,	 the	








1. the	 regulation	 of	 small	 RNA	 pathways	 present	 in	 the	 CB	 by	 MVB’s	





between	 the	 CB‐mediated	 processes,	 inclusive	 of	 the	 piRNA‐targeted	 RNA	
regulation	and	the	Retromer	vesicles.	
6.2.3 The	CB	and	lysosomes	
VPS35	 positive	 vesicles	 alone	 cannot	 account	 for	 all	 the	 CB‐surrounding	
cytoplasmic	vesicles	as	observed	by	EM,	but	rather	are	likely	to	represent	only	a	
small	group	of	them.	Indeed,	as	detected	by	IF	staining,	VPS‐positive	structures	




the	 cytoplasm	 but	 also	 show	 their	 presence	 around	 the	 CB.	 Haraguchi	 et	 al.	
showed	the	presence	of	LAMP1	positive	particles	surrounding	the	CB	by	immuno‐
electron	microscopy,	precisely	at	the	place	where	the	small	cytoplasmic	vesicles	
were	expected	to	 localize;	however,	 the	quality	of	 the	 images	did	not	enable	 to	
distinguish	 whether	 the	 signal	 marked	 single	 vesicles363.	 When	 observed	 by	
electron	tomography,	some	of	the	CB‐surrounding	vesicles	did	show	membrane	
protrusions	similar	to	phagophores.	As	such,	it	is	proposed	here	that	these	vesicles	
are	 indeed	 involved	 in	autophagocytosis	of	material	 from	the	CB.	 In	support	 to	
these	static	observations,	the	causation	of	autophagocytosis	by	treatment	of	round	
spermatids	 with	 Rapamycin	 resulted	 in	 the	 increase	 of	 LAMP1	 positive	 signal	
upon	the	CB.	Moreover,	the	block	of	the	late	stages	of	autophagy,	specifically	the	
fusion	 of	 autophagosomes	 and	 endosomes/MVBs	 with	 lysosomes	 with	
Bafilomycin	A1,	resulted	in	the	accumulation	of	the	LAMP1	signal	in	one	large	area	







Unexpectedly,	 investigation	 of	 the	morphology	 of	 the	 CB	 by	 indirect	 immuno‐
fluorescence	 revealed	 that	 the	 CB	 structure	 was	 severely	 affected.	 The	 CB	
appeared	to	be	broken	 into	several	granules	per	cell,	 rather	than	be	 in	a	single	














of	 autophagy	 and	 lysosome	 degradation	 of	 CB	 components	 or,	 conversely,	





In‐depth	 analysis	 on	 the	 composition	 of	 CB	 granules	 in	 the	 FYCO1‐cKO	 round	
spermatids	 is	 expected	 to	 elucidate	 how	 the	 absence	 of	 FYCO1	may	 affect	 CB	
morphology.	It	is	feasible	that	some	proteins	are	retained	in	the	CB	for	longer	than	
in	the	wild	type	and	thus	be	that	their	levels	may	be	higher,	due	to	an	impairment	
of	 their	 degradation	 process.	 Since	 spermatogenesis	 proceeds	 as	 normal,	 no	
significant	changes	are	expected	to	occur.	However,	due	to	the	impairment	of	the	
CB‐lysosomal	membrane	interaction	in	the	FYCO1‐cKO,	it	can	be	speculated	that	
other	 pathways	 than	 protein	 degradation	 may	 also	 be	 affected,	 for	 example	
miRNA‐	 and/or	 piRNA‐dependent	 gene	 regulation:	 even	 though	 the	mice	were	
fertile	 and	 sperm	 appeared	 normal,	 there	 may	 still	 be	 profound	 effects,	 for	
example	at	the	epigenetic	level,	since	small	RNAs	are	known	to	be	involved	in	the	
regulation	of	gene	methylation.	Although	these	transgenerational	changes	may	be	
mild	 in	the	manner	that	they	affect	neither	 fertility	nor	the	development	of	 the	
next	generation.	To	discover	 the	molecular	differences,	at	both	 the	protein	and	
RNA	level,	between	the	CB	of	wild	type	and	FYCO1‐cKO	animals	will	most	likely	







Spermatids	 originate	 from	 the	 meiotic	 division	 of	 spermatocytes:	 the	 cellular	
division	 at	 the	 end	 of	 meiosis	 does	 not	 complete	 and	 the	 four	 daughter	 cells	
remain	attached	to	one	another	by	cytoplasmic	bridges384,393.	These	cytoplasmic	
bridges	 enable	 the	 direct	 connection	 of	 the	 cytoplasm	 between	 the	 four	
spermatids	and	the	exchange	of	material.	Each	cell	is	genetically	haploid	but,	since	





CB	 is	 conjectured	 to	 be	 involved	 in	 the	 sorting	 of	 mRNAs,	 and	 possibly	 other	
signalling	molecules,	 too,	 between	 sister	 spermatids384.	As	 such,	 it	would	be	of	
interest	to	further	investigate	this	characteristic	of	the	CB	as	a	regulator	of	inter‐
cytoplasmic	 exchange	 processes	 between	 connected	 spermatids.	 Now	 that	 the	
components	of	 the	CB	are	known,	 it	 is	 likely	possible	 to	 identify	 those	putative	
















changes	 to	 abide	 by	 the	 different	 processes	 that	 follow	 one	 another	 for	 the	
formation	 of	 the	 spermatozoon.	 In	 this	 case,	 specific	 PTMs	may	 be	 involved	 to	
target	proteins	for	autophagy	and	degradation	by	lysosomes.		Bulk	degradation	of	
proteins	may	also	occur.	This	autophagy‐degradation	hypothesis	would	account	




E3	 ubiquitin	 ligases	 were	 identified.	 These	 enzymes	 may	 be	 involved	 in	 the	
generation	of	PTMs	that	direct	proteins	to	degradation.	
However,	another,	more	intriguing	hypothesis	is	on	a	functional	interaction	with	
small	 RNA	 pathways	 localised	 in	 the	 CB.	 It	 has	 been	 recently	 shown	 that	 the	
correct	function	of	the	miRNA	and	siRNA	pathways	is	dependent	on	the	correct	
interaction	 with	 the	 endosome/MVBs	 membrane:	 GW182/TNRC6	 must	 be	
internalized	into	MVBs	in	order	for	Ago	to	be	reloaded	with	a	new	guiding	miRNA	
strand	 and	 unloaded	 Ago‐GW182	 complexes	 must	 be	 degraded,	 so	 as	 to	 not	
interfere	 with	 the	 active	 RISC	 complexes.	 The	 vicinity	 of	 lysosomes	 and	 small	
cytoplasmic	 vesicles	 may	 provide	 the	 required	 membrane‐associated	 proteins	












with	 paternal	 inheritance	 and	 imprinting	 in	 the	 embryo394,395.	 However,	 the	
localization	and	specific	means	of	transport	of	these	RNAs	were	not	investigated.	
Because	 of	 the	 central	 role	 the	 CB	 plays	 during	 spermiogenesis	 as	 an	 RNA	
processing	granule,	 it	 can	be	speculated	 that	 it	undertakes	a	pivotal	role	 in	 the	





CB	 when	 autophagocytosis	 in	 stimulated	 by	 Rapamycin,	 indicates	 a	 close	
























Golgi	 apparatus	 and	 the	 nuclear	 envelope.	 It	 can	 also	 travel	 to	 inter‐cytoplasmic	 bridges	 and	 exchange	
material	with	sister	spermatids	(3).	A	cloud	of	small	cytoplasmic	vesicles	surrounds	the	CB;	their	morphology	







study	 also	 indicate	 the	 involvement	 of	 Retromer	 proteins	 in	 the	 transport	 of	 acrosomal	 material.	 This	



















































The	 molecular	 biology	 of	 cellular	 ribonucleoprotein	 granules	 and	 cytoplasmic	
organelles	 has	 been	 independently	 studied	 for	 decades.	 The	 onset	 of	 systems	
biology	was	 signified	 by	 the	 awareness	 that	 the	 different	 processes	 that	 occur	
inside	 the	 cell	 are	 not	 isolated	 from	 one	 another,	 but	 rather	 represent	 a	
cooperative	 continuum.	 Scientists	 began	 to	 investigate	 the	 relationship	 and	
interactions	between	different	signalling	and	metabolic	pathways	to	reveal	their	
connections.	For	example,	it	was	only	recently	discovered	that	RNA	regulation	by	






cells,	 the	 Chromatoid	 body,	 represents	 a	 significant	 step	 in	 the	 studies	 of	 RNP	





bodies,	 both	 of	 which	 are	 involved	 in	 the	 development	 of	 various	
neurodegenerative	diseases.	




of	components	of	 the	Retromer	complex	 in	 the	 formation	of	 the	acrosome,	 this	
being	a	special	structure	found	only	in	the	sperm	cell.	On	this,	the	data	compiled	
hereby	support	the	likelihood	that	the	CB	is	involved	in	the	development	of	the	
acrosome:	 future	 studies	 shall	 clarify	whether	 the	 CB	 does	 provide	 or	 acquire	
material	from	it.	Further,	indirect	evidence	that	some	of	the	acrosomal	material	
may	be	derived	from	the	endocytic	pathway,	and	thereby	not	exclusively	from	the	
Golgi	 complex,	 was	 also	 presented.	 The	 identification	 and	 description	 of	 two	
proteins,	 VPS26A	 and	 VPS35,	 involved	 in	 this	 pathway	 will	 allow	 the	 further	
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